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1.0. Abstract 
 
Zinc oxide (ZnO) is an n-type II-VI semiconductor with a reported band gap of 
3.2-3.6 eV [1, 2, 3] and electrical resistivity of ~ 50 Ωcm [4]. Ideal for use in devices such 
as Photovoltaics (PVs), Light Emitting Diodes (LEDs) and detectors, ZnO has the 
advantage that it can be electrochemically deposited. This enables the quick and cheap 
controlled growth of ZnO nanostructures, which can potentially enhance performance in 
electronic applications over thin films. ZnO doping with a group III element e.g. 
Aluminium, can increase ZnO conduction by several orders of magnitude whilst having 
only a subtle effect on its optical properties, therefore further enhancing device 
performance. For the first time, this thesis presents a unique in-depth study into the 
potentiostatic electrochemical deposition of well defined zinc oxide nanostructures 
(nanorods and platelets), their controlled aluminium doping and application in PV 
devices. This work addresses the mechanism of doping and examines the relationship 
between the opto-electronic properties, composition, structure, morphology and growth.  
 
 The results show that arrays of crystalline wurtzite ZnO nanorods with strong 
(002) preferential orientation can be deposited on ITO and Au using a 1 mM Zn(NO3)2 
system. Doping has been successfully carried out using Al(NO3)3 with a doping 
mechanism confirmed for the first time. This study shows that doped nanorods contain < 
5 at. % Al3+, where Al3+ is incorporated in the ZnO lattice as interstitial and/or 
substitutional ions. This results in a subtle increase in the band gap, and is believed to 
increase the ZnO conduction by several orders of magnitude. The application of these 
nanorod arrays in PV devices has improved device efficiency by ~ 1080 %. Furthermore, 
platelets have been successfully deposited using a 5 mM Zn(NO3)2 system. A critical 
dopant content ~ 5 at. % Al3+ has been found, above which there is a transition in the 
doping mechanism towards spontaneous Al2O3 formation in addition to interstitial and 
substitutional Al3+ ion locations. This results in a gradual decrease in the optical band 
gap towards that of undoped ZnO. This mechanism occurs in platelets, where at. % Al3+ 
> 5 %. Platelet formation is associated with small quantities of impurities such as Al2O3, 
ZnCl2, Zn(ClO4)2 Zn5(OH)8Cl2.H2O and Au3Zn, arising from deposition conditions. Both 
impurities and dopants result in increased ZnO polycrystallinity and decreased ZnO 
(002) preferential orientation.  
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The performance of PV devices with nanorod arrays has been shown to be better 
than previously reported equivalent thin film devices. This work illustrates the 
significance of electrochemical deposition as a technique for cheap and quick, controlled 
mass production of high quality tailor-made ZnO semiconductor nanostructures. 
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2.0. Introduction and literature review 
 
2.1. Motivation 
Zinc oxide has attracted much attention in the last decade owing to its many 
interesting and potentially useful properties. Pure zinc oxide is an inorganic crystalline II-
VI n-type semiconductor with a direct band gap between 3.2 and 3.6 eV [1, 2, 3]. It also 
has an exciton binding energy of 60 meV [1, 2, 3]. Its n-type conduction means there is 
an excess of electrons, which occupy discrete donor states below the conduction band 
[5]. This is a result of intrinsic defects and doping believed to cause an imbalance in the 
1:1 ratio for Zn and O in zinc oxide and hence electron carrier concentration. This is due 
to the presence of oxygen vacancies, zinc vacancies and  interstitial Zn2+ ions [6, 7]. This 
causes an upward shift in the Fermi energy level making the conduction band easily 
accessible by (spontaneous) thermal excitation, optical excitation and across interfaces, 
resulting in its large conductivity [5]. The band gap has a range of values since this may 
be modified in a controlled manor depending on growth methods and purity/doping level 
[2, 8, 9, 10, 11]. The band gap size means that ZnO absorbs light in the UV range but 
can also emit luminescent light in the UV and green range [6, 12]. Together this makes 
ZnO a suitable material for use in electronics and optics. 
 
 Several methods have been developed to make ZnO and also to nanostructure it 
and dope it. These will be discussed in sections 2.2 and 2.4 respectively. Examples of 
nanostructures obtained are thin films [1], nanorods [13], colloids [14], spirals [15], 
hierarchical structures [15], particles, nanowires, platelets, dendrites, tubes, nanorings, 
nanohelicies and tetrapods [16]. These nanostructures have a wealth of applications 
such as in piezo-electrics, LEDs, PVs and spintronics [1, 2], integrated optics, 
antireflective coatings, LCDs, laser diodes, UV range detecting devices, chemical 
sensors, photodegredation and photocalalysis, superhydrophobic and self cleaning 
surfaces [17], cancer treatment, skin protection [18] and varistors [19].  
 
In this project, undoped and doped zinc oxide nanorods and platelets will be 
deposited using electrochemical deposition and then used in photovoltaic devices. The 
advantage of using electrochemical deposition compared with other methods it that it’s 
quicker, cheaper and production can easily be scaled up for industrial use. It also 
enables good control of deposit thickness and morphology, gives uniform deposits 
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across the surface, high deposition rates can be obtained and the equipment required is 
relatively inexpensive [20]. 
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2.2. Zinc oxide preparation methods 
2.2.1. Solution processing - Electrochemical deposition 
Solution processing methods are cost effective ways to generate zinc oxide 
deposits with good control of thickness, crystallinity and purity levels. It is through 
solution processing that the widest range of nanostructures can be obtained. 
Electrochemical deposition of ZnO was first independently reported in 1996 by Izaki et 
al. [21, 22], and Peulon et al. [11]. Each of their papers report cathodic potentiostatic 
electrodeposition, although less commonly, it is now also possible to deposit ZnO 
galvanostatically [23, 24].  
 
Izaki et al. [21, 22] performed deposition at 335 K on conductive SnO2 using a 
standard 3 electrode set-up with a KCl saturated Ag/AgCl reference electrode and Zn 
counter electrode for 20 minutes. The deposition solution contained 10-500 mM 
Zn(NO3)2 and was used with a cathodic potential of -0.7 to -1.4 V. They reported 
potential dependent changes in nanostructure, ranging from rods to platelets to flowers 
as potential changed from -0.7V to -1.4V [21]. They also reported a (0001) preferred 
wurtzite crystal orientation. It is a general agreement amongst authors that changing the 
applied potential results in changes in ZnO nanostructures [21, 8, 9] and that deposited 
ZnO prefers the (0001) orientation when in wurtzite form [2, 19, 25, 26]. Izaki et al. also 
demonstrated that deposit thickness increases proportionally to deposition time and 
deposition rate slows when Zn(NO3)2 concentrations are higher than 0.2 M. This has 
been attributed to preferred precipitation of zinc nitrate hydroxide (Zn5(NO3)2(OH)8) 
which suppresses wurtzite ZnO formation [22]. 
 
Peulon et al. [11] used a standard 3 electrode set-up with an MSE reference 
electrode and a conducting SnO2 working electrode. However, the solution contents 
were slightly different to that used by Izaki et al. They used a solution of 1-100 mM ZnCl2 
with a 0.1 M KCl support electrolyte and 1-10 mM dissolved O2. They varied the cathodic 
potential between -0.8 V and -1.4 V but also varied the temperature between 25 and 80 
oC. They too found ZnO to be wurtzite with preferential (0001) orientation. They obtained 
a band gap of 3.45-3.6 eV, in contrast to Izaki’s 3.3 eV. Increased band gap was put 
down to increased donor density [11]. This effect will be described in more detail in 
section 2.7.1. 
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The electrochemical reactions which result in the deposition of ZnO were first 
suggested by Swizter in 1986 and 1987 [27], although they have since been further 
investigated and discussed in the literature. In 1998 and 2005, Peulon et al. [25] and 
Goux et al. [2] respectively described how there are both thermodynamics and kinetics 
involved in the system. Crucial to ZnO deposition is the formation of OH- (hydroxide) 
ions. When Zn(NO3)2 and dissolved O2 are in solution, precursor hydroxide ions are 
produced by the following reductions [1, 2, 25, 28]: 
 
O2 + 2H2O + 4e- → 4OH-   Eo = +0.400 V vs NHE    [Rxn. 2.1] 
NO3- + H2O + 2e- → NO2- + 2OH-  Eo = -0.004 V vs NHE     [Rxn. 2.2] 
H2O + 2e- → H2 +2OH-   Eo = -0.827 V vs. NHE    [Rxn. 2.3] 
 
Zinc ions are then thought to precipitate with the hydroxide ions [1] (rxn 2.4) and 
may then spontaneously dehydrate forming ZnO from zinc hydroxide given the correct 
thermodynamic conditions (rxn 2.5) [2, 25]: 
 
 Zn2+ + 2OH- → Zn(OH)2          [Rxn. 2.4] 
 Zn(OH)2 → ZnO + H2O   ∆rGo = -3.1 kJmol-1      [Rxn. 2.5] 
 
These reactions were all confirmed by Yoshida et al. in 2004, who also realised 
the importance of Zn2+ ions for the reduction of nitrate ions and hence the formation of 
ZnO. They suggested a coupled reaction where without the presence of zinc ions, nitrate 
ions will not reduce as quickly [1]. They therefore suggested the overall reaction 2.6 
whereas as Peulon et al. [25] suggests overall reaction 2.7: 
 
 Zn2+ + NO3- + 2e- → ZnO + NO2-  Eo = +0.490 V vs NHE    [Rxn. 2.6] 
 Zn2+ + 0.5O2 + 2e- → ZnO               Eo = +0.930 V vs NHE    [Rxn. 2.7] 
 
A full table of electrochemical reactions that could possibly occur in the system 
has been summarised in appendix A [28]. 
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2.2.2. Other solution processing methods 
Sol-gel: 
 Many papers have been written describing how ZnO thin films are made with the 
sol-gel technique. In 2000 Olson et al. [29] made a sol-gel by mixing 2-methoxyethanol 
solvent with 0.75 M Zn(acetate)2 and 0.75 M ethanol amine gelling agent. This was spin 
coated across a substrate and annealed at 300 oC for 10 mins in air. This resulted in 
decomposition of the organic material and reaction of the Zn2+ with atmospheric oxygen 
to form a zinc oxide thin film. This was used as a buffer layer for improved performance 
PV devices. Work carried out by Peiro et al. [30] shows that by increasing the 
concentration of zinc in the sol-gel, the film thickness can be increased, and by 
increasing the spin coating rotation speed, the film thickness decreases. 
 
Adding Al(NO3)3 to the sol-gel in dopant quantities enables zinc oxide to be 
doped with aluminium, as confirmed by resistivity measurements and analysis using 
XRD and PL (Photo Luminescence) spectra [31]. The choice of solvents and gelling 
agents varies. Solvents used include acetyl acetone [32], propan-2-ol [33, 34, 35], 
methanol [36], ethanol [37] and 2-methoxyethanol [38, 31]. Gelling agents used include 
monoethanolamine [31, 38], diethanolamine [35, 34, 33, 32] and acetic acid [37].  
 
Hydrothermal: 
The hydrothermal method has similarities to the chemical solution method 
described below. The hydrothermal method is two step and requires initial nucleation or 
seeding on the surface before conditions are created to enable sustained nanostructure 
growth from the nucleation sites in the second step. The chemical bath deposition 
method requires the nucleation and growth to happen in the same experimental step, 
although nucleation must always occur before it is possible for crystal growth on a 
surface. 
 
Hydrothermally grown ZnO can result in a variety of nanostructures. Jin-Ho et al. 
used this method in 2004 [39]. They made a 0.1 M ethanolic colloid suspension of ZnO 
nanoparticles with a uniform 5 nm diameter [39]. A glass substrate was dipped in and out 
at 4.2 cmmin-1 to coat it in a thin layer of ZnO nanoparticles as a precursor or seed layer 
to the ZnO nanostructures [39].  It was then put in a solution of 0.1 M Zn(acetate)2 for 24 
hrs at different temperatures for different nanostructures. 230 oC formed nano ‘coral 
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reefs’ with aspect ratio 100, and 330 oC formed nanowires with aspect ratio 1000 [39]. In 
each case there was good crystallinity but of poor orientation. In 2007 Takanezawa et al. 
[40] grew ZnO nanorods on the seed layer using a solution of 0.025 M Zn(NO3)2 and 
0.025 M hexamethylenetetramine at 90 oC for 40-120 mins to grow different length 
nanorods. 
 
In 2007 Guo et al. [41] made a spin-cast precursor layer using the sol-gel method 
before performing hydrothermal growth of aligned ZnO nanorods. The rods were grown 
in a solution of 0.05 M Zn(NO3)2 and 0.05 M methenamine at 60 oC. The methenamine 
was added to change ZnO rods from naturally hydrophilic to hydrophobic by adsorbing 
on the ZnO surface. They too like Jin-Ho et al. found that the ZnO texture was poor and 
improved the orientation of the rods strongly in favour of (002) by annealing the ZnO 
seed layer. 
 
Chemical solution/bath deposition: 
 In chemical bath deposition, no seed layer is required. Deposition occurs due to 
changes in reactivity and solubility induced by pH or temperature, which causes 
supersaturation and precipitation of Zn(II) species. If these factors affect the whole 
solution then bulk precipitation will occur. If a pH and/or temperature gradient is 
introduced to the solution then precipitation and hence deposition can be made to occur 
only at the substrate. 
 
Rakhshani published papers in 2005 [10] and 2008 [3] describing a technique 
used to grow ZnO thin films using a chemical solution deposition technique. In his work 
he submerged stainless steel and glass substrates in a room temperature bath of 0.1 M 
(NH4)2ZnO2 then boiling water, forty to fifty times, generating a porous particulate low 
crystal orientation film of 500 nm thickness [10]. Submersion into the complex solution 
was believed to result in absorption of zincate ions (ZnO22-) onto the substrate surface 
which then reacted with boiling water to form ZnO [3]. ZnO was doped with boron by 
adding B2O3 or B(OH)3 to the solution in a 5 % B/Zn molar ratio, resulting in 3 % atomic 
B/Zn dopant quantity [3]. The boron was detected within ZnO deposits using XPS, and 
XRD analysis showed a ZnO lattice parameter shift when boron was present. Whilst 
crystalline boron impurities were not detected, Cl and N impurities were. Given that 
boron doping also reduced ZnO film resistivity, this indicates that boron may have been 
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incorporated in to the ZnO lattice using this method. Annealing at 400 oC for 1hr made 
no difference to crystal and morphological structure but ZnO grown on stainless steel 
was seen to be more uniform and crystalline than ZnO grown on glass [10]. This was 
attributed to the higher degree of crystallinity found in the stainless steel substrate in 
contrast to the glass substrate. 
 
Zhang. et. al used the same principles in 2008 to grow nanostructured ZnO [42]. 
They however used a 10:1 volume ratio solution of 0.4 M Zn(CH3COO)2·2H2O and 0.5 M 
EDTA with enough NH4OH to make the solution pH 10 [42]. A glass substrate sparsely 
coated in Au nanoparticles was suspended in the solution at 80 oC for 7 hrs [42]. This 
resulted in well ordered ZnO nanorods with multistage terracing rather than a porous thin 
film. Thin films can be made at room temperature by immersion of a substrate into an 
alkaline bath (pH 12) [43] or acid bath (pH 6.2) [44] containing a Zn(acetate)2 precursor 
with hexamethylene tetraamine and ammonia for 10-50 hrs or Zn(NO3)2 with 
dimethylamine-boron, respectively. In both cases, the ZnO is wurtzite but the crystal 
texture is poor. 
 
Suspended solutions of nanostructured precipitates have also been made. In 
2006, Peng [45] grew ZnO nanorings and disks with the chemical bath method by 
refluxing a solution of 2 M Zn(NO3)2 and 2 M hexamethylenetetramine at 70 0C for 30 
mins. Different shapes were obtained by varying the quantity of carboxyl modified 
polyacrilmides. In 2007, Frank [46] grew suspended ZnO nanodots by reflux in 0.1 M 
Zn(acetate)2 in ethanol for 3 hrs before adding tetramethyl ammonium hydroxide in 
methanol to initiate growth. The nanodots could then be grown into nanorods by heating 
at 150 oC for 24 hrs in a solution of ethanol and methanol. 
 
Spray pyrolysis: 
 Spray pyrolysis can be used to deposit thin films of ZnO by spraying a fine mist of 
dissolved zinc precursor in air on to a hot substrate. In 2003 Ayouchi et al. prepared 
dense thin films of ZnO using a 4 mM solution of zinc acetate dehydrate [47]. The 
process involved heating Pt and fused Si substrates to 573 K then spraying the room 
temperature solution at 50 mlh-1 for 30 mins onto the substrate through a nozzle 10 cm 
from the substrate with compressed air, making a fine mist from the solution [47]. 
Ayouchi et al. also used this technique in 2003 using a Si (100) substrate [48]. They 
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obtained similar results and established a substrate temperature dependence for 
morphology [48] whereby at low temperature (<523 K), growth rate increased 
exponentially as for Arrhenius activated growth, resulting in a smooth film structure with 
randomly orientated fine grain crystals. Between 523 and 553 K the growth rate 
maximised, resulting in a smooth film with perfectly (002) orientated crystals. Above 553 
K, solvent vaporisation resulted in crystallisation occurring before the solution reached 
the hot substrate, therefore creating a rough surface. Work carried out by Peiro et al. 
shows that the layers become denser and more compact as the concentration of 
Zn(acetate)2 increases [30].  
 
 It has been demonstrated that it is possible to dope the ZnO thin films with group 
III elements such as Al and In by adding Al(NO3)3 [49] or AlCl3 [49, 50, 51] or In(NO3)3 
[49] to the spray solution in the desired dopant quantity. In each case, crystalline wurtzite 
ZnO is present and no crystalline oxide of the dopant metal is detected [49, 51]. The 
texture and crystallinity are most highly orientated in the (002) direction when nitrates of 
the dopant metal are used rather than chlorides [51, 49]. Aluminium doping using this 
method was confirmed by the measurement of decreased resistivity, coinciding with 
improved ZnO (002) orientation at 1% aluminium [51].  
 
Isothermal sintering: 
 In a method described by Han et al. [52], ZnO was doped with Al by stirring 
together powders of ZnO with solutions of Al(NO3)3. The solution was then dried and 
calcinated at 450 oC for 1 hr. The resulting powder was then pressed into pellets using 
200 mPa, then isothermally sintered at 1100-1400 oC. In a variation on this method used 
by Warren et al. [53], ZnO and Ga were directly mixed and isothermally sintered at 1200 
oC for 10 mins to form doped ZnO. Doping using this method was not confirmed, 
although a crystalline ZnAl2O4 phase was detected using XRD and TEM in comparable 
quantities to the solution content.  
 
   
2.2.3. Vacuum processing methods 
 Vacuum processing methods can be used to deposit ZnO with better control over 
the growth rate, crystallinity and purity than solution methods. There are however draw 
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backs in that the equipment required is very expensive to buy and operate, and the 
range of morphologies obtained are limited to thin films, nanorods and whiskers. 
 
VLS (Vapour-Liquid-Solid): 
 VLS, discovered by Wagner and Ellis in 1964 [54], occurs in a closed low 
pressure system whereby a dispersed Au catalyst is suspended in liquid state nano-
droplets [55]. Injected gaseous zinc reactants dissolve in the liquid droplets, forming a 
Zn-Au eutectic liquid alloy and beginning nucleation and growth at low temperature [55, 
56]. Choi et al. used this method in 2006 to grow ZnO nanowires on Pt, Ti, Al and Au 
strips on Si at different temperatures [56]. They used a carbothermal setup where ZnO 
and graphite powders in a 1:1 weight ratio were sublimed between 800-950 oC in a tube 
with O2 and Ar gas flow in the presence of an Au catalyst coating on the substrate [56]. 
This resulted in a VLS reaction and substrate surface and temperature dependent 
growth of ZnO nano-whiskers [56]. 
 
  Variations on this method have been carried out by Leonardo et al. [57] who 
attempted Vapour-Solid-Solid (VSS) deposition using the same conditions as Choi, 
however, unlike for VLS, the growth temperature was below the eutectic point of the 
seed catalyst particle (<400 oC) resulting in epitaxial growth from the seed.  
 
 
Chemical vapour deposition methods: 
a) Catalyst free MOCVD (Metal Organic Chemical Vapour Deposition): 
 This method was reported recently by Park et al. [55] and Yi et al. [58] where well 
aligned ZnO nanorods were grown on an Al2O3 substrate without a catalyst. In this 
process, diethylzinc was introduced into a low vacuum system as a sublimed solid along 
with oxygen and an argon carrier gas [55]. Reactions in the system at 400-500 oC 
between oxygen and diethylzinc resulted in ZnO being deposited on the Al2O3 [55]. 
These nanorods were grown by first depositing a thin ZnO buffer layer with MOCVD at 
low temperature [55]. However, this buffer layer is not required for thin film growth with 
MOCVD, as demonstrated by Emanetoglu et al. using the same conditions [59]. 
 
 
 42 
b) UM-CVD (Ultrasonic Mist-Chemical Vapour Deposition): 
 A different approach was taken by Singh et al. [60] and Lu et al. [61] who have 
used Ultrasonic Mist-CVD to grow thin films of ZnO and Al-doped ZnO respectively, 
rather than rods. Singh et al. sprayed an atomised mist of dissolved 0.1 M Zn(NO3)2 
which was carried into a chamber using an N2 carrier gas where it was pyrolised into a 
fine powder. Lu et al. instead used 0.1 M Zn(acetate)2 with Al(acetate)3 for Al-doping. 
 
c) Photo-MOCVD: 
 In 1991 an interesting paper was published by Yamanda et al. [62]. They carried 
out MOCVD at 150 oC and 6 Torr using DEZ (diethylzinc) and H2O as reactant gasses 
flowing at 10.4 and 26.8 µmolmin-1 respectively to grow ZnO nanorods on a glass 
substrate [62]. They discovered that by irradiating the reaction and deposition volume 
with UV light during MOCVD, the resulting ZnO electron mobility increased 4 times,  the 
carrier concentration increased 3 times, and resistivity decreased 13 times [62]. No 
crystalline or morphological changes were observed. 
 
d) Vapour phase deposition: 
 This commonly used method has been reported in many papers to grow aligned 
ZnO nanowires. In 2006 Dalal used a 1-10 nm thin layer of Au on sapphire as a 
substrate and a 1:1 mass ratio of ZnO and graphite powder [63]. Graphite, C(solid), serves 
to aid ZnO(solid) evaporation to metallic Zn(vapour) through reactions resulting in the 
formation of volatile CO(gas) species. The reaction tube had a 21 % O2 in N2 gas flowing 
through the reaction chamber at 17-42 sccm which was set to heat at 60 oCmin-1 to 800-
1000 oC [63]. The substrate was also heated to 600-900 oC, causing the Au layer to form 
surface droplets of variable size depending on the original layer thickness. These 
droplets act as catalysts and results in well aligned ZnO nanowires with a high aspect 
ratio and (002) preferred crystal orientation [63]. Other papers reporting the use of this 
method to make ordered ZnO nanostructures are Jianhua in 1992 [64], Zhang et al. in 
2002 [65], Yi et al. in 2005 [58], Yao et al. in 2002 [66], and Kong et al. in 2001 [67], Chiu 
et al. in 2009 [68] 
 
In a variation, Hsu et al. [69] attempted ‘self-catalysed VLS’ by vapourising a 
metallic zinc source at 550 oC which is exposed to an O2 and Ar gas flow, therefore 
removing the need for a gold catalyst. Al-doping was achieved by adding pure metallic 
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aluminium to the vapourised species. In both cases, this also resulted in ZnO nanowires 
with large aspect ratio and strong (002) orientation. 
 
 
Physical vapour deposition methods: 
a) Magnetron sputtering: 
This technique has been used since the early 1980’s as an easy way of making 
ZnO thin layers. Webb et al. first did this in 1981 [70]. Their films were made by applying 
a voltage between a ZnO target cathode and an anode, with the substrate placed on the 
anode between the two electrodes [70]. They found that by increasing the power, 
deposition rate and hence thickness linearly increased [70].  
 
Since then, two types of magnetron sputtering have emerged; RF-magnetron 
sputtering (radio frequency) and DC-magnetron sputtering (Direct Current). RF-
magnetron sputtering is achieved by pumping a chamber to 10-5 Pa then applying a 
magnetic field with radio frequency of 13.56 MHz between a cathode and anode. This 
results in highly energetic particles hitting the substrate from the target which is made of 
ZnO [71, 72]. DC-magnetron sputtering is achieved by applying a DC current of 500 mA 
[73]. This can generate a target voltage of 292-359 V [74]. In each case, an Ar sputter 
gas is used. Nakada et al. [73] and Byeong-Yun et al. [75] found that increased power 
resulted in faster deposition although Nakada et al. also found that by heating the 
substrate to 200 oC during deposition, the film is still textured but has lower resistivity 
[73].  
 
In order for doped ZnO to be deposited, the target should contain a 
homogeneous mixture of the ZnO precursor with the appropriate atomic % dopant 
precursor. ZnO has been successfully doped with group III metals in this way using 
sources such as metallic Al [71], ZnO blended with Al2O3  [76], metallic Zn and Al 
blended [77, 74] and metallic Ga and Zn blended [78]. Doping with B has been obtained 
by using a mixture of Ar and B2H6 gas [73]. Doping has been verified in some cases by 
measuring resistivity [73], electron mobility [73], carrier concentration [73] and current 
voltage curves [78].  
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b) Pulsed laser deposition: 
 In pulsed laser deposition, thin films are deposited by ablating a ZnO target with 
laser pulses. The target is positioned at 45 o to the angle of incidence so that ablated 
material can be deposited on a substrate positioned orthogonally to the beam.  Smooth 
ZnO thin films were made this way by Tsukazaki et al. [79]. The laser ablation chamber 
was pumped down to 10-6 Torr with an O2 atmosphere. Then a pulsed KrF eximer laser 
with 248 nm, 5 Hz, 1 Jcm-2 beam was used to ablate the ZnO target on to a substrate 
heated to 650 oC.  
 
It has been demonstrated that ZnO thin films can easily be doped with aluminium 
by pulsed laser deposition. In 2000, Kim et al. [80] used a KrF excimer laser to ablate a 
target of 98 wt. % ZnO and 2 wt. % Al2O3 in 5 ns pulses. The resulting deposit consisted 
of only ZnO which was strongly orientated in the (002) direction. In 2004 Singh et al. 
made Al-doped thin films [81]. The same method was employed as for Kim et al. but the 
substrate was heated to 300 oC [81]. Laser ablation of the target resulted in a highly 
orientated thin film of (002) ZnO. 
 
c) MBE (Molecular beam epitaxy): 
 Ogata et al. [82] has demonstrated that MBE can be used to grow thin films of 
ZnO. A pure Zn metal source was evaporated under vacuum at 500 oC on to an a-plane 
sapphire substrate with an oxygen radical reactant. The resulting ZnO thin film was a 
single crystal with a smooth surface and densely packed bulk. 
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2.3. Electrochemical deposition control factors 
 Section 2.2.1 described an overview of how zinc oxide is electrochemically 
deposited. This section will now provide a detailed explanation of the factors involved 
during electrochemical deposition and how they can be modified to control the growth, 
morphology, crystallinity and purity of ZnO deposits. 
 
2.3.1. Temperature 
 Kinetics and thermodynamics both have roles to play in reactions. Temperature 
can affect both these dynamics and alter their balance, therefore changing the way in 
which a reaction proceeds. Papers published in 1996 and 1998 by Peulon et al. [11, 25] 
and in 2005 by Goux et al. [2] describe the influence that temperature has on the 
diffusion of ions in solution, the kinetics of electrochemical reactions and the 
thermodynamics of ZnO formation through a series of systematic in-depth studies on the 
Zn-Cl-H2O system.  
 
Peulon et.al. [11, 25] concluded that below 50 oC, the deposit is composed of 
poorly conducting amorphous zinc oxyhydroxides (ZnO1-xOHx) [11, 25] which have a 
blocking effect on the current and hence mass evolution. Above 50 oC the deposit is 
highly conducting crystalline ZnO [11, 25] in which the rate of growth and current density 
increase continuously and linearly as temperature increases up to 85 oC. The sudden 
increase in the rate of formation of current density and deposited mass was attributed to 
two factors. 1. Between 50 and 85 oC, increasing temperature results in an increase in 
the rate of O2 diffusion to the electrode, thus enabling an increased current to be 
generated according to reaction [2.1]. 2. The Gibbs free energy for the thermodynamic 
transformation of Zn(OH)2 to ZnO was found to decrease as temperature increased, 
according to table 2.1.1 below, in favour of the spontaneous formation of ZnO [25]:  
 
Temperature/ oC Gibbs free energy of reaction/ kJmol-1 
25 -3.1 
40 -3.6 
100 -6.4 
 
Table 2.1.1. Effect of temperature on the Gibbs free energy of reaction [25]. 
Zn(OH)2 transformation to ZnO. 
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 Goux et al. [2] studied the influence of temperature in more detail and concluded 
that below 34 oC, Zn(OH)2 preferentially forms from kinetically favourable reactions, 
which is poorly conducting in comparision to ZnO. At a constant applied deposition 
potential, the preferential formation of this poorly conducting deposit increases as 
temperature decreases, causing the current density to decrease. Studies confirmed that 
crystallisation of the deposit occurs above 34 oC not 50 oC, as revised from work by 
Peulon et al., resulting in the formation of thermodynamically favoured ZnO. At this 
temperature the nucleation time period for the formation of ZnO nucleation sites is 
relatively large due to slow dehydration reactions. Nucleation time however rapidly 
decreases as temperature increases from 40-60 oC, as indicated by an increased mass 
uptake. The increased mass uptake was attributed to acceleration of the electrochemical 
reaction kinetics and hence ZnO formation, as found by Peulon et al. This accelation in 
reaction rate happens in spite of increased temperature resulting in an exponential 
decrease in the saturation limit for the solubility of O2 in water between 0 and 60 oC. The 
increased temperature also results in increased ZnO crystallinity. 
 
 In 2006 a similar study by Otani et al. [83] agreed with these findings. They also 
found however, that below 333 K ZnO is formed slowly via a Zn(OH)2 precursor, and 
above 338 K ZnO is formed directly due to immediate dehydration of Zn(OH)2. 
Increasing temperature results in improved crystallinity, with the strongest (002) 
orientation found at 70 oC.  
Thermodynamic data state that Gibbs free energy for the formation of ZnO from 
Zn(OH)2 at 25 oC is -3.1 kJmol-1 [1, 28]. This implies that below 34 oC, ZnO should 
spontaneously have formed from Zn(OH)2. This conflicts with experimental findings by 
Peulon et al., Goux et al. and Otani et al. but could explain why some current was 
passing through the system as opposed to none if the deposit was pure Zn(OH)2. It also 
suggests that the formation of Zn(OH)2 may be kinetically favoured below 34 oC [2]. 
 
 
2.3.2. Applied potential and pH 
 It was described in section 2.2.1 that the formation of ZnO relies on the 
production of hydroxide ions. These ions can be generated potentiostatically according 
to reactions 2.1, 2.2 and 2.3 by applying a cathodic potential to the system. Once OH- 
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ions are generated, the pH will change thus affecting the solubility of the solutes. Results 
of mechanistic studies carried out by Peulon et al. in 1998 [25] and Goux et al. in 2005 
[2] reveal the following phase diagrams: 
 
 
Fig 2.3.1. Solubility phase diagrams for the Zn-Cl-H2O system [2]. a.) The form of Zn2+ in solution or precipitate 
depending on applied potential and pH. b.) Solubility of Zn2+ precipitates depending on pH at 25 oC, 50 oC, 70 oC, 
90 oC along the arrow. Dashed line = Zn(OH)2, solid line =ZnO. c.) and d.) Distribution of species in solution 
depending on pH at 25 oC and 60 oC respectively. 
 
  The Zn-Cl-H2O system with a 0.1 M KCl electrolyte is known to have a bulk 
solution pH of ~5.2 [84]. Looking clockwise at the phase diagrams shown in fig 2.3.1, 
phase diagram a) shows that the solution should be stable at this pH, with Zn2+ ions in 
the form of Zn2+ or ZnCl+. Phase diagram c) shows the repartition of the solute species at 
25 oC. It is clear that at pH 5.2, ~85 % of the Zn2+ is in the form of a fully dissociated ion, 
~15 % is partially complexed with Cl- to form ZnCl+, and there is a negligible amount of 
ZnCl2, possibly a bulk solution precipitate. This shows that once the ZnCl2 or Zn(NO3)2 
precursor is dissolved in solution with KCl, it dissociates. However, as discussed in 
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section 2.3.1, 25 oC is not a suitable temperature to deposit pure, well orientated, 
crystalline ZnO. This should be performed at a higher temperature such as 60-70 oC. 
Phase diagram d) shows how the repartition of species changes when the deposition 
solution is heated up to 60 oC. There is a clear change in the proportion of Zn(II) species, 
where there is now slightly more ZnCl+ than Zn2+, but there is still a negligible amount of 
ZnCl2 present. The electrochemical deposition of ZnO relies on the formation of OH- 
ions. These are generated by activating the reduction reactions of O2 and nitrate ions 
according to reactions 2.1 and 2.2 by applying a cathodic potential. OH- ions are basic 
and are created by redox reactions occurring at the working electrode surface. 
Therefore, when OH- ions are generated, the pH of solution local to the working 
electrode surface will increase to ~pH 10 [16, 84]. Phase diagram d) shows that at this 
pH, the Zn(II) ions will now preferentially form complexes with OH- ions. Phase diagram 
a) also shows that pH above ~6.6 should result in precipitation of ZnO. ZnO will be 
deposited rather than Zn(OH)2 since thermodynamic reaction 2.5, thermodynamic data 
and observations presented by Peulon et al., Goux et al. and Otani et al. in section 2.2.1 
shows that Zn(OH)2 will spontaneously dehydrate to ZnO at this temperature. 
 
 Clearly though, there is a potential window for forming ZnO at this pH. Reaction 
2.8 below shows that at potentials more negative than -0.76 vs. NHE, the ZnO deposit 
will reduce to metallic Zn. Phase diagram a) indicates that at suitable ZnO deposition 
temperatures (60-70 oC) and pH, this could decrease to ~-1.2 V vs. NHE. The main 
hydroxide producing reactions, 2.1 and 2.2, show that the smallest potential used for 
ZnO formation must be -0.004 V vs. NHE. This gives a working cathodic potential 
window (vs. NHE) of approximately -0.004 V < E < -1.2 V. 
 
  Zn2+ + 2e- → Zn  Eo = -0.76 V vs. NHE  [Rxn. 2.8] 
 
 Phase diagram b) illustrates the stability of both Zn(OH)2 and ZnO deposits 
exposed to the solution once they have been deposited. It is clear that at the pH required 
for deposition, the solids are reasonably stable. However, once the deposition is over, 
the cathodic voltage is switched off. This will result in no more OH- ions being generated 
and any remaining ions will be consumed. This will result in a pH shift back to that of the 
acidic bulk solution pH. In this case, it is therefore very likely that the ZnO deposit will 
then begin dissolving.  
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 Yoshida et al., Izaki et al. and Masanobu et al. have carried out studies on the 
impact that potential has on the rates of reactions and growth of ZnO. Yoshida et al. [1] 
found that the cathodic current increases exponentially as the cathodic overpotential 
increases. They associated this with the reaction kinetics and confirmed that the amount 
of current generated is limited by the kinetics. Izaki et al. [21] and Masanobu et al. [85] 
studied the deposition rate (µmh-1) as a function of cathodic potential at a similar 
temperature and found that as cathodic potential becomes larger, the deposition rate is 
faster, but the acceleration decreases. This shows that there is a mismatch between the 
current generated and the quantity deposited, known as Faradaic inefficiency. This 
concept will be discussed in more detail in section 2.3.5. 
 
 
2.3.3. Zinc concentration 
 As discussed above in section 2.3.2, inorder to deposit ZnO the cathodic 
potential must be between -0.004 V and -1.2 V vs. NHE, and changes in potential result 
in changes in the reaction and deposition rates. This can have implications on the type 
of morphology formed. The morphology can also by altered by changing the Zn(II) 
concentration, as found by Illy [86]. Fig 2.3.2 is a phase diagram that shows the 
relationship that morphology has with potential and Zn(II) concentration. The mechanism 
of crystal nucleation and growth will be discussed in section 2.6. 
 
 
Fig 2.3.2. Phase diagram illustrating the relationship between Zn(II) concentration,  
cathodic potential and morphology of the ZnO deposits on an Au (111) substrate [86]. 
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 Illy also showed that increasing the Zn2+ concentration (by increasing [Zn(NO3)2]) 
results in an increased rate of deposition, hence increased deposited mass [16, 19]. 
However, it was shown that as [Zn(NO3)2] increases, the current density recorded during 
the nucleation and growth regime increases, but current density during equilibrated 
growth decreases (these growth regimes are described in section 2.3.5.). The increased 
concentration also decreases dependence on Zn2+ diffusion, therefore increasing the 
Faradaic efficiency. A conflicting study by Yoshida et al. isolated the effects of the Zn2+ 
complexing species from NO3- and found that by increasing the Zn2+ concentration from 
0 to 100 mM, the current density increased logarithmically [1]. This was attributed to a 
redox activating effect from Zn2+ by complexing with NO3- after Langmuir-type adsorption 
on the electrode surface. 
 
Differences in these results could be due to the solution contents and 
methodology. Illy et al. maintained a constant KCl support electrolyte concentration and 
varied the concentration of Zn(NO3)2. Therefore changes in current will be due to 
changes in both [Zn2+] and [NO3-], both of which could cause diffusion limiting effects, 
and the latter of which will change the concentration of redox reactants. However, 
Yoshida et al. maintained a constant [NO3-], sourced from both Zn(NO3)2 and support 
electrolyte KNO3, and independently varied [Zn2+] and hence electrolyte [K+]. They 
removed potentially diffusion limitating effetcs by introducing a rotating platinum disk 
electrode. Therefore, maintaining a constant [NO3-] and increasing [Zn2+] would imply 
that changes in current are a result of [Zn2+] without influence from the [NO3-] 
concentration or concentration dependent diffusion. However, changes in [Zn2+] would 
result in a variable [K+]. This could also change solution conductivity and hence alter the 
reaction kinetics. 
 
 
2.3.4. Hydroxide ion precursors 
 ZnO can not precipitate without OH- ions. OH- ions can therefore limit the 
reaction rate and ZnO deposition in the following ways: 1. Rate of precursor diffusion to 
the electrode surface. 2. Rate of OH- formation at the surface. In each of these cases 
(for a fixed pre-decided temperature) the potential, concentration and type of precursor 
has an influence.  
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 Reaction 2.1 shows that O2 reacts with H2O to form OH- ions. Studies into the 
quantity of dissolved O2 in solution have been carried out by Peulon et al. [25], Jaeyoung 
et al. [20] and Illy [86]. Jaeyoung at al. [20] showed that by carrying out the 
electrochemical deposition at -0.72 V vs. SCE with an O2 saturated solution at 60 oC, the 
current density approximately doubled (due to reaction 2.1) compared to a N2 saturated 
solution. They deduced that the presence of dissolved O2 increased the amount of OH- 
formed from reaction 2.1 and resulted in a higher pH and thus a faster ZnO growth rate. 
Peulon et al [25] found that the cathodic current and hence growth rate increases linearly 
with O2 concentration. They also observed that a point is reached where further addition 
of O2 to the solution does not increase the current anymore. At this point the solution is 
said to be saturated because of the temperature dependence of the O2 solubility limit. 
The saturation limit at 65 oC is ~0.85 mM. Work by Illy [86] showed that the saturation 
point is reached after 20 mins of vigorously bubbling O2 through the system. Goux et al. 
[87] investigated the reaction kinetics of O2 on a ZnO film in the deposition solution and 
showed that when Zn2+ is not present, O2 reduction occurs rapidly. However, the rate of 
reaction becomes diffusion limited when cathodic potential becomes lower than -0.7 V 
vs. MSE. When Zn2+ is present, the O2 reduction kinetics are also greatly decreased. 
This was believed to be due ‘blocking’ of the electrode surface by growth of a thin layer 
of poorly-conducting intermediate deposit, Zn(OH)2. Deposition conditions should 
therefore be used which result in the bulk being pure crystalline ZnO, preferably with 
strong orientation.  
 
 The reduction reaction of nitrate ions is shown in reaction 2.2. Its behaviour in 
solution however is considered more complex. Yoshida et al. [1] studied deposition of 
ZnO from a 0.1 M Zn(NO3)2 solution with a KNO3 electrolyte at -1 V vs. SCE on Pt. They 
found that cathodic current increases exponentially with cathodic overpotential, but the 
reaction is kinetically slow and limiting. The reduction of nitrate was also dependent on 
the presence of Zn2+ ions, with only a very small cathodic current when Zn2+ is not 
present. Therefore they suggested a coupled reduction reaction where Zn(II) ions 
adsorbed on the substrate surface by Langmuir type absorption catalyse the reduction of 
nitrate since the resultant metal hydroxide has a higher stability constant. 
 
It has been demonstrated that H2O2 may also be used as a hydroxide precursor. 
A 2001 study by Pauporte et al. [88] showed that H2O2 produces only OH- ions, 
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according to reaction 2.9 below. Hydrogen peroxide was found to be highly soluble and 
undergoes reduction in a potential window suitable for ZnO deposition, but it limits the 
rate of ZnO formation due to poor reduction kinetics on the ZnO surface. 
 
H2O2 + 2e- → 2OH-  Eo = +0.94 V vs. NHE  [Rxn. 2.9] 
 
All of these precursors are used in aqueous solution. The reduction reactions for 
O2 (reaction 2.1) and NO32- (reaction 2.2) require H2O to take part to generate OH-. 
Since H2O forms the solution bulk, it should not play any part in limiting the rates of 
reactions. The reduction of water itself according to reaction 2.3 (Eo = -0.827 V vs. NHE) 
may also contribute to the hydroxide precursor concentration depending on the cathodic 
potential used. Ideally this reaction should be avoided though since it results in the 
evolution of H2 (g) and could form bubbles on the substrate surface, thus disrupting the 
ZnO deposition. 
 
 
2.3.5. Deposition time 
 It is assumed that as time goes on during the electrochemical process, new 
material is deposited. The total mass of a substance produced at an electrode owing to 
redox reactions is directly proportional to the total charge transferred at that electrode. 
The mass can be calculated from the charge according to Faradays law, equation 2.3.1. 
  
neN
QmM
A
r
=
 
Eqn 2.3.1. Faradays law [89]. 
M=Mass of deposited substance/g. Q=Total electric charge through the solution/C.  
e=charge per electron/C. n=number of valence electrons per ion. mr=Molar mass of substance/gmol-1. 
NA=Avogadro’s constant. 
 
 The mass of ZnO that is calculated using Faradays law is the maximum amount 
that can be deposited since Faradays law assumes that all of the charge transferred 
results in the deposition of a material; in other words, the Faradaic efficiency is 100 %. 
Inorder for a 100 % efficient reaction to occur where Zn(II) is the major deposit, two 
electrons per Zn2+ ion deposited must be contributed to the current density. However, if 
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more than 2 electrons are transferred per Zn2+ ion deposited, this will result in a larger 
current density but less Zn(II) mass deposited than expected, reducing the Faradaic 
efficiency. In this sense, the Faradaic efficiency illustrates a balance between the charge 
transferred during redox and the mass of deposited material, Zn(II). It is therefore 
possible for the Faradaic efficiency to be less than 100 %. In the case of ZnO deposition, 
there are several general circumstances where the system is not balanced and more 
charge is generated than expected relative to the mass of Zn(II) deposited: 
 
1. Redox reactions may occur which do not result in OH- formation and hence 
Zn(OH)2 precipitation, such as unanticipated primary reactions, and the 
occurance of secondary and tertiary reactions.  
2. Redox reactions may occur resulting in the precipitation of non-Zn(II) species.  
3. Redox reactions which occur in Zn2+ diffusion limited systems result in the 
formation of OH- ions. However, if Zn2+ is diffusion limited, not all OH- ions may 
be consumed by Zn2+ then precipitated as Zn(II). This results in charge build-up 
and increased pH in the vicinity of the cathode surface.  
4. The diffusion of excess [OH-] in to the bulk solution may result in small quantities 
of precipitation in the bulk solution rather than on the substrate.  
 
Any less than 2 electrons per Zn2+ ion will result in less mass deposited but might not 
change the Faradaic efficiency depending on the factors involved in both [OH-] 
production and its consumption by Zn2+. Appendix A contains a table of possible redox 
reactions that may occur in solution.  
 
Several studies have attempted to calculate the Faradaic efficiency during 
electrochemical deposition of ZnO. A study by Goux et al. [2] in 2005 found that the 
Faradaic efficiency can be 90-100%. However, another study by Belghiti et al. [84] in 
2008 found that the Faradaic efficiency can be as low as 4-7 %. Work by Illy [16] in 2010 
found that Faradaic efficiency was in the range of 40-60 %, decreasing as the cathodic 
potential increased. Differences in the Faradaic efficiencies could lie in the techniques 
used to record the quantity and rate of ZnO deposition. Goux et al. measured the rate of 
deposition using an Au coated EQCM (Electrochemical Quartz Crystal Microbalance). 
Belghiti et al. calculated the rate of deposition based on the ZnO nanorod morphology 
and dimensions, whereas Illy et al. used in-situ XANES (X-ray Absorption Near Edge 
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Structure). The latter technique will provide the most accurate information since it 
records the actual quantity of ZnO at a given time rather than basing the measurements 
on assumptions about the deposits morphology [84], purity [2, 84] and density [2, 84]. 
 
It is known that in low concentration diffusion limited growth systems, the rate of 
charge transfer changes during deposition as a result of the growth processes occurring 
at the time [89]. Studies examining the electrochemical deposition of ZnO [2, 18, 16, 19, 
25] illustrate how the amount of charge transferred per second changes during 
deposition. In each case, three regions in the current density transient are observed [16]. 
Fig 2.3.3 illustrates the general shape of the current density transient typically obtained 
for electrochemical deposition of ZnO nanorods, with descriptions of each region below.  
 
 
Fig 2.3.3. General shape of a current density transient generated during cathodic electrochemical deposition of 
ZnO [16]. 
 
1. Initially current surges up after the potential is applied owing to 3D nucleation and 
island formation, which increases reactive surface area, allowing more redox 
reactions to occur. 
2. The 3D islands grow larger, thus causing a relative reduction in the reactive 
surface area and hence current density.  
3. A continued growth regime occurs, where current density plateus due to 
equilibrium being reached between the length and width growth, resulting in no 
overall change to the reactive surface area and hence current density.  
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The general shape of this current density transient was reported as being the same 
in most conditions, however, changes in potential, [Zn2+] and other factors effect the 
values and rate of change of current density.  
 
Experiments have been carried out to directly measure the quantity and rate of 
ZnO deposition, therefore with much greater accuracy than by applying Faradays law to 
the charge transferred. These methods are QCM (Quartz Crystal Microbalance) [25, 2, 
90], In-situ GIXS (Grazing Incidence X-ray Scattering) [16, 91] and In-situ XANES (X-ray 
Absorption Near Edge Structure) [18, 19, 92]. QCM’s are Quartz Crystals coated in a 
substrate material such as Au which oscillates at a natural resonant frequency of 5 MHz. 
Deposition causes damping of the resonant frequency and can detect the mass of 
deposits with an accuracy of 18.2 ngcm-2Hz-1. This method has shown an initial rapid 
increase in the rate of deposition during the nucleation and growth regime, then a slower 
but constant rate of deposition after equilibrium has been obtained [2]. The shape of this 
line shows similar findings to the shape of the charge transferred graph [16]. In-situ GIXS 
experiments [16, 91] and In-situ XANES (XAS) [16, 18, 19, 92] also show the same 
shape of graph. However, when the results from each method are compared, although 
the shapes of the graphs correspond to the regions, there is a discrepancy in the true 
quantities of the ZnO deposit, possibly owing to the techniques used. Once the mass is 
known, the (maximum) rate of deposition and therefore growth rate can be determined 
according to equation 2.3.2. The growth and nucleation of ZnO will be discussed in more 
detail in section 2.6. 
 
dtmR ⋅=
 
Eqn 2.3.2. Rate of deposition. 
R = rate of deposition. m = mass/g. dt = time differential/s. 
 
 
2.3.6. Substrate 
 Electrochemical deposition can in theory be performed on any substrate provided 
that it is conductive. Many papers have been published detailing electrochemical 
deposition of ZnO on a variety of substrates such as ITO [9, 13, 26, 93], Au (111) [16, 
94], Au (110) [94], Au {100} [94], GaN [95], Zn [8], SnO2 [96], F-doped SnO2 [97], 
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Conductive glass [22], Ag [98], Cu [99] and Mo [100]; Polystyrene (PS) templates on ITO 
[101]. 
 
ZnO has also been deposited on a variety of substrates using alternative 
methods such as; polycrystalline Au, Si, Pt, Ti  and Al using VLS [56]; polycrystalline Au 
[63], Sapphire [63], Ga [69], ZnO [69] and conductive glass [69] using vapour deposition; 
n-Si {100} [37] using sol-gel; stainless steel (SS) [10] using chemical solution deposition; 
polystyrene (PS) templates [102] using dip-drawing (solution processing) method. 
 
It is important to choose the correct type of substrate when depositing ZnO since 
changing the substrate can sometimes cause very different results for otherwise the 
same or similar conditions. This will now be discussed.  
 
 Substrate surface energy plays in important role in deposition. For example, in 
2006 Choi et al. [56] attempted to grow ZnO nanowires using DC-sputtering onto Pt, Ti, 
Al and Au. They found that under the same conditions at 800-850 oC, only Au had grown 
ZnO nanowires, which were also vertically aligned. It was found to be possible to grow 
nanowires on Pt but at 900-950 oC. Using a masking technique to create a single 
substrate with multiple materials, Al was deposited on Si, then thin strips of Au on the Al. 
Again, nanowires only grew on the Au, however, the boundary between Al and Au was 
clearly visible, marked by the sudden stop in the presence of nanowires once the Al-Au 
boundary was reached. This temperature dependence illustrates that in order for 
nucleation and growth to occur on a substrate, an activation energy barrier (Ea) must be 
overcome, where the value of the activation energy is different for different substrates.  
 
Run Liu et al. [94] explored the impact of substrate crystal orientation during 
electrochemical deposition of ZnO nanopillars on single crystal Au (111), Au (110) and 
Au {100} with rocking curve XRD. They observed that regardless of Au crystal 
orientation, ZnO nanorods formed by epitaxial growth. The Au-ZnO epitaxial strain was 
calculated between the Au a-lattice parameter and ZnO a-lattice parameter and was 
found to be -20.3 %, which would normally result in Stranski-Krastanov 3D island growth 
above a critical 2D film thickness, resulting in nanorods. However, this explanation was 
dismissed owing to the direct nucleation and growth of islands on the single crystal 
substrate. These rods were very well aligned along the c-axis but the rod c-axis either 
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has 1 in-plane orientation, or 2 in-plane orientations with 90 o rotation with respect to the 
substrate surface depending on whether the substrate was Au (111), Au (110) or Au 
{100} respectively. This showed that the a, b and c-axis orientation and hence growth 
direction of nanorods can be controlled by the epitaxial relationship between the 
substrate and ZnO deposit. 
 
It has been demonstrated that epitaxial growth on non single-crystal textured 
substrate surfaces such as ITO results in a range of growth directions when compared to 
single crystal Au surfaces [96, 84]. It has been shown that this growth direction can be 
controlled by depositing a thin layer of Au (10-100 Å) on top of the substrate before ZnO 
nanorod growth. The thin layer in each case resulted in vertically well-aligned ZnO 
nanorods, as for on Au [42, 63]. Other modifications can also be made to the substrate 
surface:  
 
• It is typical to clean the surface with soapy water [103, 96], acetone [20, 104, 22, 
105, 84, 106] or ethanol [84, 106] followed by distilled water to remove dirt and 
impurities before deposition.  
• The surface can then be ‘activated’ or etched before deposition by either 
exposing it to dilute acids such as H2O2 [107], NH3 [107], HNO3 [105, 84, 106], 
HCl [96], or bases such as NH4OH [108], or anodically polarising it in bases such 
as NaOH [22, 83], or mechanically [104] or electrochemically [109] polishing it, or 
annealing it.  
 
Etching, or acid treatment is believed to induce hydroxylation of the FTO surface 
[106]. This slightly improves the nucleation of ZnO and island formation, giving rise to a 
denser array of nanorods. However, when the array is denser, the growth rate is 
reduced. Anodic polarising results in the deposition of a thin layer of ZnO seeds or buffer 
layer [110, 96, 83, 93]. Polishing results in an atomically smooth, impurity free surface 
with a mirror finish  [109]. Annealing results in reduced ITO sheet resistance [20]. 
 
 
2.3.7. Electrolyte and growth directing agents 
 The phase diagram in fig 2.3.2 shows that interesting nanostructures can be 
formed electrochemically using Zn2+ concentrations of less than 50 mM. Therefore, if 
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ZnCl2 or Zn(NO3)2 is used, there will be a very low concentration of conducting ions in 
the bulk solution. If redox reactions are to occur efficiently, without ion diffusion 
dependence, then there must also be an inert support electrolyte in the solution. Studies 
have examined the used of inorganic electrolyte salts such as KCl [6, 13, 16, 111, 112], 
NaCl [112], CaCl2 [16], LiClO4 [6], KClO4 [113], KNO3 [111], Zn(NO3)2 [22]. In addition to 
role of the salt as a support electrolyte, it is believed that the cation species within the 
salt has no influence on the reaction itself, whereas the anion does [112]. Studies into 
the influence of Cl- by Illy [16] show that these anions preferentially stabilise the polar 
(0001) face of ZnO, therefore slowing the rate of growth in that face and causing growth 
to occur preferentially on the other, non-polar faces. This effect occurs increasingly with 
increasing Cl- concentration, therefore ultimately resulting in aspect ratios <<1. This 
observation has also been confirmed by Peulon et al. [25], Xu et al. [13], Tena-Zaera et 
al. [112] and Qiu-Ping et al. [111]. Tena-Zaera et al. also found that there is a critical 
concentration of [Cl-] = 1 M, below which the Cl- binds to the (0001) face but doesn’t halt 
growth, enabling rods to grow, and above which the Cl- binds to (0001), causing lateral 
growth to become favourable. This is because of adsorption competition between OH- 
and Cl-. They also found that increasing [Cl-] causes a decrease in the reduction kinetics 
of O2. Other studies show that increasing the concentration of Cl- can also increase the 
quantity of Cl- included in the deposition material, although in very small quantities of 
<3.3 % [6, 113]. An alternative anion to Cl- is ClO4-. It has been demonstrated that this 
anion does not influence the rate of O2 reduction, unlike Cl- [6]. Nor is it as easily 
included in the deposited material [113], having approximately 10 times less Cl- in the 
deposit when ClO4- is used than when Cl- is used, both due to its size and poor 
complexing properties [6]. However, the ZnO structures formed using ClO4- have visibly 
rougher edges and faces [6] and the growth rate is relatively low when compared to the 
same amount of Cl-. 
 
Studies carried out by Izaki et al. [22] using Zn(NO3)2 where NO3- was the anion 
show that increasing [Zn(NO3)2] to 500 mM results in the suppression of wurtzite ZnO 
growth, and also generates Zn5(NO3)2(OH)8.2H2O. As [Zn(NO3)2] decreases below 50 
mM, the deposit becomes dominantly wurtzite ZnO. The fastest deposition rate was 
found for 100 mM. Rousset et al. however believe this increase in rate to be due to the 
presence of Zn2+ and not the NO3- electrolyte itself [113] as discussed in section 2.3.4. 
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Qiu-Ping et al. used a KNO3 electrolyte and found that current density declined after 2 h 
in a 70 oC solution due to the instability of NO3- [111]. 
 
 It is possible to control the morphology by adding a variety of growth directing 
agents to the deposition solution. Examples include KCl [13], NH4F [13], CH3COONH4 
[13], EDA (ethylenediamine) [13], EY (Eosin Y) [114], sodium dodecylsulphate (SDS) 
[115], C343 (Coumarin 343) [114], PVP (polyvinyl pyrrolidone) [115], PEG (polyethylene 
glycol) [115], EG (ethylene glycol) [115], PVA (polyvinyl alcohol) [115] and PAM 
(polyacrylamide) [45]. The way that growth directing agents (or structure directing 
agents, SDAs) work is straight forward. ZnO has a variety of crystal faces. {0001} is a 
polar face, terminated exclusively by Zn2+ or O2-. The side faces, {10 1 0}, are non-polar, 
being terminated by equal quantities of alternate Zn2+ and O2-. A study by Xu et al. [13] 
found that negative ions in solution adsorb on to the (0001) positive polar face by 
electrostatic attraction, allowing anisotropic growth in the direction parallel to the (0001) 
plane [13]. Therefore, if Cl- or CH3COO- ions are used in solution, they are attracted to 
the positive (0001) surface and block deposits from forming, making lateral growth more 
favourable [13].  Increasing the concentration of these ions changes the morphology by 
reducing the rod aspect ratio [13]. EDA is a neutral molecule and if used in solution it will 
preferentially bind to the non-polar {10 1 0} sides, promoting growth on the (0001) face 
[13]. Increasing the concentration of EDA results in morphological change from rods, to 
hexagonal tapered rods, to needle-like stars. When NH4F is used [13], the growth of ZnO 
is entirely altered, and ZnO changes from hexagonal to rhombohedral as [NH4F] 
increases. This is believed to be because F- and NH3 are both involved in the process 
and electrostatically bind to different ZnO faces selectively. This creates a range of 
possible ZnO morphologies such as hexagonal rods, platelets, needles and 
rhombohedral prisms depending on the growth directing agent used. 
 
Where EY and C343 have been used during deposition, it was found that the c-
axis itself was rotated 90 o between alignment with the z-axis and x, y-axis. The use of 
EY results in the ZnO c-axis lying perpendicular to the substrate surface (aligned with 
the z-axis), but C343 results in the ZnO c-axis lying parallel to the substrate surface 
(aligned with the x, y-axis) [114]. Patil et al. [115] compared the use of organic 
surfactants and found that pure wurtzite ZnO was deposited each time but with a 
different morphology ranging from 3D islands to interconnected platelets. 
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2.3.8. Seeding 
 Seeds are another way to control the morphology of epitaxially grown ZnO 
nanostructures. The seed layers or buffer layers can be grown by anodic polarisation as 
mentioned in section 2.3.6. This method involves putting the cleaned substrate in the 
deposition solution and then either applying a large overpotential of -1.2 V for a short 
time period [93] or galvanostatically applying a cathodic current for a short time [24, 83, 
110]. The seed layer or buffer layer contains crystals of ZnO which act as nucleation 
sites for nanowire growth [110]. Deposition of the seed layer enables a high density of 
highly orientated, vertically well-aligned nanorods to be grown on non-single crystal 
substrates such as ITO under the correct conditions [93], compared to un-seeded rods 
which have poor orientation, alignment and density. Nanorod diameters can also be 
controlled since the diameter typically matches the seed or buffer layer crystallite sizes 
[110]. 
 
Seeding with metallic nanoparticles has been performed by Zhang et al. in 2007 
[42] as a method to control ZnO nanorod distribution density and alignment during 
chemical bath growth of ZnO nanorods. They dispersed 3-6 nm diameter Au 
nanoparticles across an ITO surface with a grid-like pattern from a suspension of the 
particles. These sites served as catalytic nucleation sites for the growth of ZnO 
nanorods. They reported vertically well-aligned rods of ZnO which had grown in the 
position of the Au seeds, therefore creating a grid-like distribution across the surface. 
ZnO rods grown without the seeds under the same conditions were randomly distributed 
across the surface in a lower density and were not vertically aligned. This observation 
corresponds with the findings of Run Liu et al. [94] and Dalal et al. [63]. 
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2.4. Doping zinc oxide 
2.4.1. Motivation and theory 
 Semiconductors can conduct electricity. Conduction typically arises after an 
electron is excited across the band gap, Eg, from the valence to the conduction band, 
leaving behind a hole in the valence band. This excitation occurs as a result of the 
absorption of energy equal to or bigger than the band gap and can occur optically or 
thermally. Once excited, conduction occurs by electron flow through the conduction band 
and hole flow through the valence band. Semiconductors can also conduct by accepting 
or donating electrons or holes across interfaces with other materials. When considering 
excitation, the probability f(E) that a state with energy E is occupied at temperature T is 
given by the Fermi-Dirac distribution function shown in equation 2.4.1. The Fermi-energy 
level is shown in equation 2.4.2 and the band gap energy is shown in equation 2.4.3 
below. 
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Eqn 2.4.1. The Fermi-Dirac distribution function [5].  
E=The energy of a given state/ eV.  kB=The Boltzmann distribution constant.  
T=Temperature/K. Ef=The Fermi energy level/ eV. 
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Eqn 2.4.2. The Fermi-energy level [5].  
Where; Eg=the band gap energy/ eV. 
 
          VCg EEE −=     [2.4.3] 
Eqn 2.4.3. The band gap energy [5].  
Where; EC=the bottom conduction band edge/ eV. EV= the top valence band edge/ eV. 
 
Doping alters the electronic and optical properties of a material by increasing or 
decreasing the number of electrons in the materials band structure, or molecular orbital 
structure, by the introduction of an impurity element into its atomic structure. 
Semiconductors can be n-type, p-type or intrinsic (i-type). n-type semiconductors contain 
donor impurities which contribute more valence electrons to the band structure than the 
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atom that is has replaced [5]. These excess donor electrons occupy discrete donor 
states, Ed, below the conduction band edge and cause the Fermi-energy level to shift 
upward, lying half way between the discrete donor state and the conduction band. n-type 
doping thus results in an exponential increase in the number of carriers [5]. p-type 
semiconductors contain acceptor impurities, which have fewer valence electrons than 
the atom that it replaces [5]. This causes a hole in the valence band structure in the form 
of a discrete acceptor state, Ea, just above the valence band [5]. This causes the Fermi-
energy level to shift downward, lying half way between the discrete acceptor state and 
the valence band [5]. Intrinsic semiconductors have no impurities and therefore no 
discrete donor or acceptor states. This means that the probability of them conducting at 
room temperature is lower, and the degree to which they conduct is less compared to a 
doped semiconductor. Fig 2.4.1 generally illustrates the band structure and discrete 
energy levels within n, p and i semiconductors. 
 
 
Fig 2.4.1. The general band structure of intrinsic, p-type and n-type semiconductors at T=0K [5]. 
Eg=Band gap/  eV. Ef= Fermi-energy level/ eV. Ea=Discrete acceptor state energy/ eV. Ed=Discrete donor state 
energy/ eV. VB=Valence band. CB=Conduction band. 
 
Pure ZnO is a II-VI semiconductor and therefore should be an intrinsic 
semiconductor. In reality there are small quantities of oxygen vacancies, singly ionised 
oxygen vacancies, zinc vacancies and  interstitial Zn2+ ions [6, 7] which result in ZnO 
being n-type. By using carefully choosen impurities, one can further improve the 
conductivity of ZnO [116]. The influence of doping on ZnO electrical and optical 
properties will be discussed in section 2.7.1 with regard to table 2.7.3. 
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2.4.2. Dopant materials 
 Doping can potentially be achieved with almost any element in the periodic table 
provided a suitable dopant precursor and method is used. ZnO has been doped with a 
range of elements including s, p, d and even f-elements such as Li [117], B [3, 118, 119, 
64, 73], Al [7, 32, 33, 50, 51, 61, 71, 74, 75, 77, 81], Ga [120], In [49, 121], P [122] , Cl 
[113], Co [123, 124, 125], Ni [123], Mn [124], Cd [126], Er [127], Eu [128]. Particular 
interest has been shown in doping with group III elements because it allows the physical 
properties to be fine tuned [129]. Electrical resistance can be decreased and carrier 
concentration and conduction can be greatly improved and controlled [130, 4]. 
 
 A Paper by Nonaka et al. [130] in 2002 investigated the impact of doping with 
group III elements on the molecular orbital structure of ZnO using theoretical modelling. 
They found that Al, Ga and In enhance the carrier concentration and conductivity, but B 
only increased the conductivity. Each element was found to contribute discrete energy 
levels below the conduction band in the following order: B (2.51 eV) > Ga (2.06 eV) > In 
(1.68 eV) > Al (1.55 eV). Therefore, B has the lowest energy discrete state and Al has 
the highest. Given what was established about the Fermi-level in n-type semiconductors 
in section 2.4.1, this implies that Al-doping should result in the highest conduction from 
these examined group III elements. Experimental evidence about the carrier 
concentration in Al-doped ZnO agrees with this study [61] as does conductivity 
measurements [34, 31, 36, 35, 33, 32, 51]. However, experimental evidence for B-
doping contradicts these findings. Work by Ishizaki et al. [119, 4], Chen et al. [118], 
Jianhua et al. [64] and Nakada et al. [73] shows that B-doping results in increased 
conductivity but also increased carrier concentration and mobility. Work by Singh et al. 
[81] and Kim et al. [80] also contradicts the findings for Al-doped ZnO, showing that the 
addition of Al results in increased carrier concentration and conduction but decreased 
Hall mobility. This will be discussed in more detail in sections 2.5 and 2.7. 
 
 
2.4.3. Doping methods 
 ZnO has been doped with group III elements during deposition using Sol-gel [34, 
37], chemical solution deposition [3, 32], spray pyrolysis [49, 50, 51, 131], UM-CVD [61], 
Magnetron sputtering [71], pulsed laser deposition [80] and electrochemical deposition 
[100, 119]. These techniques are described in more detail in section 2.2, however their 
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capacity to truly dope the ZnO crystals is in most cases unconfirmed. The 
electrochemical deposition of doped ZnO will be discussed in this section. 
 
 Few attempts have been made to dope ZnO during electrochemical deposition. 
Kemell et al. [100] described the electrochemical deposition reactions involved in Al-
doping. Al-doped ZnO films were potentiostatically deposited on Mo coated glass using 
50 mM Zn(NO3)2 precursor and were doped with Al using an Al(NO3)3 precursor at 80 oC. 
Doping with Al(NO3)3 greatly simplifies the system since both Al and Zn are complexed 
with nitrate. Therefore, it was assumed that the same electrochemical reactions occur for 
Al(NO3)3 as for Zn(NO3)2, as summarised in reactions 2.10 and 2.11 below. 
 
Mn+ + nOH-→ M(OH)n      [2.10] 
M(OH)n → MOn/2 + n/2·H2O     [2.11] 
 
 Using the same concept, Kemell et al. also managed to deposit In-doped ZnO, 
using a precursor of InCl3. Their XRD spectra confirmed that only highly (002) orientated 
wurtzite ZnO was present in the deposit, with an unspecified morphology. According to 
reaction 2.2, the reduction of NO3- ions occurs at -0.004 V vs. NHE under standard 
conditions. Cyclic voltammetry carried out by Kemell et al. showed that the reduction of 
nitrate ions occurs at ~-0.9 V vs. Ag/AgCl for Zn(NO3)2 systems, and ~-0.5 V vs. Ag/AgCl 
when Al(NO3)3 is also present for non-standard conditions, at 80 oC. This observation 
was explained by considering the thermodynamic product stability. Thermodynamics 
dictates that once Al(OH)3 is formed, it spontaneously dehydrates forming Al2O3, since 
the Gibbs free energy of formation of Al2O3 from Al(OH)3 is -1582.3 kJmol-1 [28]. This 
value is approximately 5 times larger than for the formation of ZnO from Zn(OH)2 [28]. 
The larger stability of thermodynamic product Al2O3 means that reactions leading to its 
formation will be more favourable. For this to effect the nitrate reduction potential implies 
that the reduction of nitrate ions is linked to the presence of Al3+. Yoshida et al [1] 
showed that for a Zn(NO3)2 system, reduction of NO3- was dependent on the presence of 
Zn2+, as explained in section 2.3.4. Therefore, the reduction of NO3- must have a 
stronger coupled reaction with Al3+ than Zn2+ and hence be more activating, resulting in a 
smaller nitrate reduction potential when Al3+ is present.  
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 Electrochemical Al-doping has also been attempted potentiostatically by Wellings 
et al. [7] and galvanostatically by Hernandez-Fenollosa et al. [129], who used Al(NO3)3 
and Al2Cl3 as their Al precursors in solution respectively. In the first case, only wurtzite 
ZnO was present, believed to be successfully doped. In the second case, XRD did not 
detect crystalline ZnO for most concentrations of Al3+ and unidentified peaks were 
present.  
 
Electrochemical B-doping of ZnO is far less simple, as described by Ishizaki et al. 
[119] and The American electroplaters and finishers society [132]. Due to the instability 
and high reactivity of boron molecules, B(NO3)3 can not be used. Instead, a more stable 
compound, (CH3)2HNBH3 (DMAB), was used by Ishizaki et al. along with Zn(NO3)2 [4, 
119]. In the bulk solution, B(OH)3 is formed by hydrolysis according to reaction 2.12, 
however, this only effects <0.2 % of DMAB in the solution at 65 oC [132]. The main 
reaction that occurs is 2.13, in the diffusion layer, as shown below: 
 
Bulk solution (Acidic/Neutral) [132]: 
(CH3)2NHBH3 + 3H2O → (CH3)2NH2 + B(OH)3 + 3H2    [2.12] 
Diffusion layer (Alkaline) [132]:   
(CH3)2NHBH3 + OH- → (CH3)2NH + BO2- + 3H2      [2.13] 
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2.5. Structural characterisation of zinc oxide and doped zinc oxide 
2.5.1. Morphologies 
 The morphology of nano and micro scale materials can be observed using SEM 
(Scanning Electron Microscopy). Most authors have used this method to image the 
deposits and a large range of nanostructures have been observed using a range of 
solution processing methods, including; thin films [1], nanorods [13], colloids [14], spirals 
[15], hierarchical structures [15], particles, nanowires, platelets, dendrites, tubes, 
nanorings, nanohelicies and tetrapods [16]. The most commonly reported self-
assembled structures are nanorods and thin films. Rod length is typically 500-4000 nm 
and the width 60-350 nm. In each case, different electrochemical deposition conditions 
result in a variety of morphologies and dimensions. This will now be discussed.  
 
 Changing the concentration of Zn2+ can result in entirely different morphologies. 
In 1998 Peulon et al. [25] performed deposition at 80 oC on Au with 0.1 M KCl at -1 V 
and showed that low concentrations of 5 mM ZnCl2 form smooth densely packed films 
with hexagonal grains. Increasing concentration to 20 mM resulted in open, hexagonal 
platelets. A similar study in 2008 [84] on FTO at 70 oC for 30 mins found that 5 mM ZnCl2 
results in densely packed, coalesced rods, 1 mM in a nanorod array, and 0.1 mM a 
nanorod array with lower rod density. Illy et al. found similar results on Au (111) at 65 oC 
using Zn(NO3)2 and 0.1 M KCl at -0.75 V where above 20 mM resulted in platelets, 
below 20 mM resulted in coalesced rods, and below 1 mM resulted in nanorod arrays 
[19]. For conditions resulting in only nanorod arrays ([Zn2+] < 2 mM), increasing the 
concentration causes the diameter and length to increase, as does the aspect ratio [110, 
106]. Fig 2.5.1 illustrates the influence of [Zn2+] on morphologies. One can see from the 
figure that [Zn2+] plays an important role in determining morphology, where the zinc 
precursor used (Zn(NO3)2 or ZnCl2) has little influence comparatively.   
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Fig 2.5.1. The influence of [Zn2+] and precursor on ZnO morphology. 
Top: ZnO deposition on Au using Zn(NO3)2, 0.1 M KCl, -0.75 V vs. Ag/AgCl at 65 oC [19].  
Bottom: ZnO deposition on SnO2 using ZnCl2, 0.1 M KCl, -1.0 V vs. SCE at 70 oC [84]. 
 
In 2008 Belghiti et al. directly compared the influence of substrates on ZnO 
morphology by using the same conditions (0.2 mM ZnCl2, 0.1 M KCl, -1.0 V vs. SCE at 
70 oC ) to deposit ZnO on Au and FTO [84]. It was illustrated that nanorod arrays grown 
on Au had a higher density, smaller diameter and similar length to those grown on FTO 
for 1.5 hrs. This is believed to be a result of Au having a higher density of nucleation 
sites. They were also vertically well-aligned, whereas on FTO they were less well 
aligned. This has been attributed to the crystallinity of the substrate surface, described in 
section 2.3.6. Fig 2.5.2 illustrates the influence of substrates on morphologies. 
 
 
Fig 2.5.2. The influence of substrate on ZnO morphology [84]. Left: ZnO on Au. Right: ZnO on FTO. 
In each case ZnO was deposited using 0.2 mM ZnCl2, 0.1 M KCl, -1.0 V vs. SCE at 70 oC. 
 
It has been demonstrated that increasing the deposition time while rods are 
growing results in linearly increased length and aspect ratio. There is also a reduction in 
the density of rods [106]. This has been explained by increased diameter resulting in 
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coalescence [91]. For films, increased time causes the film to thicken, although the rate 
of this gradually decreases.  
 
By increasing the deposition temperature from 34 oC to 89 oC, deposited films 
have larger grains and a smoother surface [83, 2]. An increase in temperature from 70 
oC to 90 oC can also result in the nanorod aspect ratio linearly increasing from ~15 to 
~35 by 300 mins [106].  
 
Several papers have reported the influence of making the cathodic potential more 
negative. Izaki et al. used 0.1 M Zn(NO3)2 on SnO2 at 62 oC and observed that in going 
from -0.7 V to -1.2 V, the morphology changed from rods, to platelets, to densely packed 
platelets, to dense smooth films [21]. This could be due to the increased rates of 
deposition [91]. Between -1.2 V and -1.4 V however, the morphology changed entirely to 
nodules. This contrasts the observation of Wang et al. who used 5 mM Zn(NO3)2 on Zn 
at 65 oC and found that changing potential resulted in dense films consisting of 
hexagonal platelets from -0.6 V to -0.8 V and a dense film consisting of fine particles 
from -1 V to -1.4 V [8]. Their findings are compared in fig 2.5.3, which illustrates the 
impact that cathodic potential can have on morphology. Differences in their 
morphologies obtained at a specific potential can be attributed to differences in 
[Zn(NO3)2] and substrate used.  
 
 
Fig 2.5.3. Comparing the influence of cathodic potential on ZnO morphology. 
Top: ZnO deposited on SnO2 using 0.1 M Zn(NO3)2 at 62 oC [21].  
Bottom: ZnO deposition on Zn using 5 mM Zn(NO3)2 at 65 oC [8]. 
 69 
Annealing of the deposits has been studied. It has been established that 
impurities and defects can be incorporated into the deposit such as Zn, Cl and 
Zn5(OH)8Cl2 [133, 17, 25]. By annealing the samples for 5 hrs in air, these impurities can 
be removed [133], however, this leaves fine pits in the structures where the impurities 
were. This pitting effect becomes more prominent as the annealing temperature 
increases from 150 oC to 400 oC [17]. 
 
The influence of Al-doping on ZnO has been investigated by Wellings et al. [7] by 
electrochemically depositing both ZnO and Al-doped ZnO thin films on FTO using 0.1 M 
Zn(NO3)2 with Al(NO3)3 at -0.975 V vs. Ag/AgCl at 80 oC. The undoped deposit was a 
dense, smooth thin film of wurtzite ZnO with a grain size of ~160 nm. The addition of Al 
also resulted in a dense smooth thin film with improved conductance, indicating 
successful doping, and changed the grain dimensions to ~500 nm X 100 nm. 
Hernandez-Fenollosa et al.[129] investigated the influence of varying dopant 
concentration. They galvanostatically deposited Al-doped ZnO on SnO2 using 5 mM 
ZnCl2, 0.1 M KCl, and Al2Cl3. Fig 2.5.4 illustrates the influence of Al-doping on ZnO 
morphologies. 
 
 
Fig 2.5.4. The influence of Al-doping on ZnO morphology. a-b) Cathodic ZnO deposition on FTO from 0.1 M 
Zn(NO3)2 with Al(NO3)2 [7]. c-e) Galvanostatic ZnO deposition on SnO2 from 5 mM ZnCl2 with 0.1 M KCl and Al2Cl3 
[129]. a) Undoped ZnO. b) ppm Al-doped ZnO.  
c) 0.12 at. % Al-doped ZnO. d) 1 at. % Al-doped ZnO. e) 2 at. % Al-doped ZnO. 
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 In both cases it is clear that changing the aluminium content by a small amount 
results in significantly altered morphologies. While a few attempts have been made to 
dope ZnO electrochemically, little work has been done to deposit a range of well-defined 
nanostructures with the same dopant quantity, or produce consistent well-defined 
nanostructured morphologies with different dopant quantities. 
 
 
2.5.2. Crystal structure 
XRD (X-Ray Diffraction) is used to determine the crystal structure of crystalline 
materials. Electrochemically grown hexagonal ZnO nanorods and platelets have been 
extensively examined using this method. Wurtzite (hexagonal) ZnO is always the 
resulting crystal structure [13, 25, 26]. This explains why the nanorods and platelets are 
hexagonal in appearance. Within the wurtzite structure, there are 12 Bragg peaks 
corresponding to different crystal faces detectable up to 90o and are distributed with 
relative intensities as shown by the theoretical powder diffraction spectrum and data 
table in fig 2.5.5 [134] below. Fig 2.5.6 illustrates the atomic structure of the 
corresponding unit cell. 
 
 
Fig 2.5.5. Theoretical powder XRD spectrum for ZnO. ICDD pattern number: 01-075-1526 [134].  
Crystal system: Hexagonal. Lattice parameters: a=3.22Å. b=3.22Å, c=5.20Å. 
 
h k l d[A] 2Theta[deg] I[%] 
1 0 0 2.7886 32.071 56.2 
0 0 2 2.6 34.467 40.4 
1 0 1 2.45753 36.534 100 
1 0 2 1.90166 47.791 20 
1 1 0 1.61 57.168 28.3 
1 0 3 1.47212 63.102 25.7 
2 0 0 1.3943 67.072 3.6 
1 1 2 1.36881 68.493 19 
2 0 1 1.34673 69.777 9.6 
0 0 4 1.3 72.675 1.5 
2 0 2 1.22876 77.642 2.8 
1 0 4 1.17826 81.651 1.5 
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Fig 2.5.6. The wurtzite crystal unit cell [135] [136]. 
 
However, XRD analysis done on the as-prepared ZnO nanostructures shows that 
the crystals are highly orientated [2, 13, 19, 25, 26]. This is demonstrated by having only 
a select number of peaks present and with different intensity ratios from the powder XRD 
spectra. It is accepted that the three biggest peaks present are that of (002), {100} and 
(101) [9, 13], also known as (0001), {10 1 0} and (10 1 1) respectively when written in full 
hexagonal nomenclature [137] (where (002) and (0001) are equivalent planes related by 
translational symmetry according to (nh nk nl)). Other ZnO peaks may be present but in 
very small quantities [9, 21, 22, 25]. It is not unusual to have only 1 or 2 major peaks 
present [9, 26, 94]. 
 
In 2005, Xu et al. [13] did a series of experiments to determine which crystal face 
in the XRD pattern corresponds with which face on a hexagonal nanorod and platelet. 
By changing capping agents of different polarity and hence causing anisotropic growth, 
as described in section 2.3.7, they determined that the bottom of the rods are terminated 
with O2- ions, forming a (000 1 ) crystal face and the top of the rods are terminated with 
Zn2+ ions, forming a (0001) crystal face. Both ends are polar. This results in a ‘stacking’ 
feature along the c-axis of layers of alternate Zn2+ and O2- ions, resulting in the faces 
around the sides of the structure being non-polar {10 1 0}. Fig 2.5.7 illustrates the crystal 
texture and orientation obtained by these measurements in relation to the morphology.   
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Fig 2.5.7. The crystal texture and orientation of wurtzite ZnO [13]. a) Nanorods. b) Platelets. 
 
 An STM study has observed the crystal structure of (clean) ZnO faces (0001), 
(000 1 ), {10 1 0} and (11 2 0) [138]. It agrees with the results found by Xu et al. where the 
(0001) face is polar and terminated by Zn2+ ions, the (000 1 ) face is polar and terminated 
by O2- ions, and the {10 1 0} and (11 2 0) faces are non-polar and terminated by alternate 
layers of Zn2+ and O2- ions. They also found that under UHV conditions, no surface 
reconstruction occurs, despite the presence of ‘dangling’ bonds, and suggested that 
surface reconstruction occurs when impurities are present. Observation of the surface 
structure found that the Zn2+ terminated (0001) face has single step (~2.7 Å) triangular 
terraces and pits which are laterally terminated with O2-. This is indicative of the 
triangular basal planes associated with tetragonal atomic arrangements (easily 
observable in fig 2.5.6) and they suggested that this step edge could be where acid/base 
reactions occur. The O2- terminated (000 1 ) face however exhibits hexagonal double 
step (~5.7 Å) terraces and pits. 
 
Rocking curve XRD studies of well-aligned ZnO nanorod arrays on single crystal 
Au by Run Liu et al. [94] found that regardless of the substrate crystal orientation, ZnO 
(0001) is always parallel to the substrate surface [94]. This well-ordered crystallinity 
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results in high intensity (0001) peaks in the XRD spectra [13, 94]. However, for platelets 
this is clearly not the case. SEM observations have shown that platelets are typically 
randomly orientated. This poor orientation is backed-up by XRD spectra, showing 
multiple Bragg peaks with (002) of lesser intensities than for rods [13, 19]. Clearly, 
morphology and crystal structure (and hence XRD patterns) are related. Since 
morphology can be controlled by modifying electrochemical deposition conditions, so 
can the crystal structure. This will now be discussed. 
 
 For conditions resulting in nanorods on SnO2, increasing [Zn2+] towards 1 mM 
results in generally increased ZnO peak intensities, although no change is noted 
between the relative peak ratios which show ZnO preferentially (002) orientated [110]. 
Work by Peulon et al. [25] and Illy et al. [19] at higher concentrations of 20 mM ZnCl2 
and 50 mM Zn(NO3)2 respectively show the formation of poorly orientated platelets 
rather than preferentially (002) orientated rods. In these cases, another phase, 
Zn5(OH)8Cl2, has been confirmed present by XRD. The presence of this additional phase 
is believed to increase in quantity as the potential becomes more negative and can be 
removed by annealing at 350 oC for 1 hr [19, 133]. Annealing causes non-ZnO phases to 
be removed and dramatically improves crystallinity in favour of (002) [133, 8]. In the case 
of nanorods, this also causes the (002) peak to positively shift ~0.05-0.08 o towards the 
unstrained values of the wurtzite lattice parameter and inter-planar spacing, and cause a 
decrease in crystallite size as a result of a reduction in strain [17]. 
 
 Pauporte et al. [106] studied the influence of time, illustrating that as rods grow 
on FTO, the (002) peak intensity increases due to increased quantity of crystalline 
deposit, and the orientation improves in favour of (002), with {100} and (101) decreasing 
over time. This can be expected since the growth of ZnO rods occurs ~5 times faster on 
the (002) face. This will be explained in more detail in section 2.6.  
 
The influence of temperature has been described in some detail regarding the 
formation of ZnO itself in section 2.3.1. XRD can observe the change in crystallinity. 
There is an agreement amongst authors that below 34 oC, crystalline ZnO can not be 
observed by XRD. This corresponds with the thermodynamic theory of ZnO deposition 
described in sections 2.2 and 2.3. As temperature increases, ZnO becomes crystalline. 
This crystallinity is poorly orientated in favour of (002), however, above 50 oC, it is very 
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strongly orientated in favour of (002) [25, 2, 83]. As crystallinity improves, crystallite sizes 
have also been seen to increase to ~ 70 nm for (002) and 60 nm for (101) at 80 oC [2]. 
 
In section 2.3.9, the influence of seed layers was described as improving rod 
alignment. In correspondence with that improved alignment, the XRD spectra have 
shown dramatic improvement in ZnO orientation in favour of (002) [26, 93].  
 
The influence of potential on the crystallinity of thin films is controversial. 
Although all authors agree the main peaks are {100}, (002) and (101), work by Izaki et 
al. shows that ZnO deposited on SnO2 from 0.1 M Zn(NO3)2 at 62oC is highly (002) 
orientated at -0.7 V but gradually changes to being slightly in favour of (101) by -1.4 V 
[21]. Findings by Wellings et al. [103] who deposited ZnO on an FTO cathode using 0.1 
M Zn(NO3)2 at 80 oC and Wang et al. [8] who deposited ZnO on a Zn cathode using 0.05 
M Zn(NO3)2 at 65 oC disagree with this. They both found that decreasing deposition 
potential from -0.6 V to -1.4 V resulted in a change from a poorly orientated deposit to 
one which is highly (002) orientated. The contrast in these results is most likely due to 
differences in the deposition conditions such as substrate, temperature and [Zn(NO3)2] 
which have resulted in different morphologies. All the papers agree however that 
potential has the ability to significantly change the morphology and the strongest (002) 
orientation can be found when well aligned ZnO rods have grown or coalesced into a 
thin film. These potential dependent morphology changes have been attributed to the 
degree of diffusion controlled deposition [8]. 
 
 The crystal structure of group III doped ZnO has been investigated in more detail. 
Ishizaki et al. [4, 119] electrochemically doped ZnO with boron using DMAB. XRD 
analysis confirmed that the deposit was pure ZnO with poor (002) orientation relative to 
the other peaks. This implies that B was directly incorporated into the ZnO structure and 
did not form its own crystalline structure such as B2O3. Although increasing the quantity 
of B in ZnO had no impact on the ZnO orientation, it resulted in an increase in both the a 
and c lattice parameters, diverging from the expected parameters for an unstrained 
system. Studies performed on B-doped ZnO made by other methods confirm these 
findings, although B-doped ZnO grown by DC-magnetron sputtering shows a generally 
high intensity (002) peak with no other peaks present [73, 3]. This high intensity is clearly 
a result of the deposition method rather than boron or ZnO. 
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The results for doping with aluminium contrast those found for B-doping. A study 
of electrochemically 2 % Al-doped ZnO by Wellings et al. [7] shows that in comparison to 
undoped ZnO, Al caused decreased orientation rather than have no impact, to resemble 
that of a standard ZnO powder XRD spectrum. The (101) crystallite size was found to 
increase from 14.8 nm to 17.8 nm by Al-doping. It is generally agreed amongst authors 
that Al-doping using a variety of methods such as sol-gel [31, 33], spray pyrolysis [50, 
51, 49], and pulsed laser deposition [80, 81] results in decreased crystal orientation and 
crystallinity. A study by Zi-qiang et al. on the structure of Al-doped ZnO deposited by sol-
gel found that increased quantities of Al also resulted in a gradual increase in the (002) 
inter-planar spacing, diverging from the unstrained powder XRD values, as for B-doping 
[31]. They attributed this increase to Al3+ substituting Zn2+, causing increased stress in 
the system since Al3+ and Zn2+ have different ionic radii, being 0.054 nm and 0.074 nm 
respectively. This substitution mechanism has been confirmed by Singh et al. [81] by 
performing studies on the carrier concentration and electron mobility. The substitution of 
Zn2+ by Al3+ has also been used to explain the decrease in crystal quality by Manouni  
[51]. Table 2.5.1 below shows a summary of the ionic radii and electronegativities of ions 
that can be found within ZnO.   
 
Ion Ionic radius/ Å Electro-negativity/ unspecified units Reference 
Zn2+ 0.74 1.65 [64], [32], [17], [36] 
O2- 1.4 - [17] 
Al3+ 0.54 1.61 [32], [36] 
B3+ 0.23 - [64] 
Cl- 1.81 - [17] 
 
Table 2.5.1. The ionic radii and electronegativities of ions and impurities in ZnO. 
 
However, in a study by  Kim et al. [80], ZnO and Al-doped ZnO were deposited 
by pulsed laser deposition, acquiring a thin film. They noted that grain size decreases 
with Al content from 22 nm at 0 % to 16 nm for 0.8 % but the c-axis was larger than for 
powdered ZnO, in agreement with Zi-qiang et al. described above. Given that the ionic 
radius of Al3+ is smaller than for Zn2+, they concluded that the increase in lattice 
parameters was due to the incorporation of Al3+ into interstitial positions. As for the 
reduction in the crystallite size, a study into the densification and growth of Al-doped 
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ZnO crystals during isothermal sintering by Han et al. [52] suggested that the presence 
of Al inhibits ZnO grain growth by the formation of a ZnAl2O4 phase at grain boundaries. 
This alloy was detected by XRD and confirmed by TEM, showing its position at the grain 
boundaries in quantities proportional to the quantity of aluminium dopant precursor in 
solution.  
 
 An NMR study by Warren et al. [53] investigated the doping mechanism of group 
III metals in wurtzite ZnO in more detail. Focusing primarily on Al and Ga doping, they 
stoichiometrically doped ZnO by isothermal sintering ZnO with the group III metal to form 
Zn1-xMxO, where 0.03 < x < 3 at. %. The found that both Al and Ga dope ZnO by 
substituting Zn from its lattice site. This doping resulted in an increase in the wurtzite unit 
cell, where a decrease would be expected since the ionic radius of Al3+ (0.54 nm) is 
smaller than Zn2+ (0.74 nm) [32]. They explained the increase was due to axial distortion 
at the impurity site. Non-stoichiometric samples were prepared by combining ZnO with 
Ga2O3 to give Zn0.98Ga0.02O1+z with variable oxygen content. They found that the amount 
of Ga3+ substituting Zn2+ decreased as the amount of excess oxygen increased. 
 
 It is possible that the dopant atoms can cluster together. To confirm that this in 
not the case Major et al. [74] performed EELS on a TEM cross section of wurtzite ZnO 
doped with 2 at. % Al. The sample was a thin film made using DC-Magnetron sputtering. 
Separate EELS scans of Zn, O and Al resulted in an ‘atomic map’ being generated for 
each element. The images clearly showed that Zn, O and Al were homogeneously 
distributed throughout the sample from the substrate interface to the top of the deposit. 
 
IR (Infrared) spectroscopy is one of the best techniques to identify different types 
of chemical bonds in the surface and bulk of a solid or solution. Peulon et al. used FTIR 
in 1996 [11] and 1998 [25] to examine the M-O-M and M-OH bonds present in 
electrochemically deposited ZnO, and hence the way in which ZnO and any impurities 
are bonded with each other. They found that the purest electrochemically deposited ZnO 
resulted from using lower concentrations, 5 mM rather than 30 mM, of ZnCl2 at a high 
temperature (70 oC) rather than low (25 oC). At the higher concentrations, or lower 
temperatures, Zn(OH)2 was present. XRD results, discussed in sections 2.3.1 and 2.5.2, 
correspond with these findings, showing that below 34 oC, crystalline ZnO was not 
present. This however did not prove that ZnO was not there since XRD only detects 
 77 
signals from crystalline solids. However, since FTIR can detect signals from any IR 
active bonds, it therefore has confirmed that ZnO is not present below 34 oC. A full table 
of IR active bond vibrations that could possibly occur in the ZnO deposit and 
electrochemical deposition solution have been summarised in appendix B. 
 
 
2.5.3. Chemical composition and electronic structure 
 EDX (Energy Dispersive X-rays) and ICP (Inductively Coupled Plasma) are 
useful methods to quantitatively measure the average % elements in a sample by weight 
or stoichiometry in a given volume or sample respectively. Structural analysis by XRD 
has been performed on ZnO and confirmed that the deposit was ZnO by matching the 
spectral peak positions to those from the standard powder XRD spectrum of wurtzite 
ZnO, as described in section 2.5.2. These XRD data have therefore been used to 
identify the material. Peak information has also given the orientation, crystallite size and 
lattice parameters. This allowed indirect observation of strain and dopant incorporation. 
XRD can not however directly and quantitatively determine if dopant atoms and non-
crystalline impurities are actually present. Discussion in section 2.5.2 showed that B3+ 
and Al3+ dopant atoms do not form their own crystalline domains in the form of a metal 
oxide, but rather are believed to be incorporated into the ZnO lattice by substitution or as 
an interstitial. Therefore, EDX and ICP can be used to determine the quantity of dopants, 
and other impurities, directly incorporated into the crystal. 
 
  ICP has been used by Ishizaki et al. to examine the extent of B-doping during 
electrochemical deposition on activated glass. In their first study [4], they used a solution 
of 0.1 M Zn(NO3)2 and concentrations of DMAB ranging from 0 to 0.1 M to dope the ZnO 
at 60 oC and a potential of -0.8 V. In their second study [119] they used similar 
conditions but used a constant DMAB concentration of 0.1 M and varied the potential 
between -0.8 V and -1.2 V. The results, illustrated below in fig 2.5.8 show that increasing 
the DMAB concentration rapidly increases the at. % of B in ZnO, and that making the 
cathodic potential more positive also rapidly increases the at. % of B. In each case it is 
observed that the at. % of B is ~>100 times smaller than the initial atomic Zn:B ratio in 
solution.  
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Fig 2.5.8. The quantity of boron electrochemically incorporated into ZnO. 
a) Influence of concentration [4]. b) Influence of deposition potential [119]. 
 
 A similar study has been performed by Kemell et al. [100]. They used EDX to 
observe the influence that electrochemical deposition potential has on the quantity of 
aluminium and indium in the ZnO deposit. They used a solution of 1 mM Al(NO3)3 or 5 
mM InCl3 with 50 mM Zn(NO3)2 on ITO at 80 oC. The results, illustrated below in fig 2.5.9 
show that the at. % increases rapidly as cathodic potential changes from -1.8 V to -0.6 V. 
This corresponds with the findings for B-doping.  
 
 
Fig 2.5.9. The influence of cathodic deposition potential on the quantity of ZnO doping [100]. 
a) Aluminium. b) Indium. 
 
 EDX can be used to determine the Zn:O ratio and the presence of other 
impurities. It has been shown by Rousset et al. [113] that using KCl electrolytes during 
deposition can result in the incorporation of chlorine into the deposit, and that increasing 
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the solution chlorine content to 0.1 M using KCl increases the at.% of Cl in ZnO to ~3 %, 
where this value is believed to plateau due to a saturation phenomenon. An EDX study 
by Lupan et al. [17] showed that annealing the sample at 400 oC for 1hr in air caused 
~20 % of Cl to be evaporated.  
  
XPS (X-ray Photo-electron Spectroscopy) studies have been performed on 
electrochemically deposited ZnO and B-doped ZnO to understand the bonding and 
electronic state of elements present within the deposits. Lupan et al. deposited ZnO 
using 5 mM ZnCl2 with 0.1 M KCl at 70 oC on FTO with a potential of -1.0 V [17]. XPS 
confirmed the presence of Zn, O and Cl, where Zn and O were bonded as wurtzite ZnO. 
Oxygen was also found to bond in ZnOx and Zn-OH, and the bonding of Cl was 
inconclusive. An earlier XPS study by Ishizaki et al. [4, 119] deposited B-doped ZnO 
films and found that B3+ substitutes the Zn2+ in its lattice site to form B2O3. This 
contradicts their XRD findings which show no B2O3. However, XRD may not be able to 
detect B2O3 if it is amorphous, in quantities smaller than the equipment detection limit, or 
because crystalline B2O3 XRD peaks are concealed by larger peaks corresponding to 
wurtzite ZnO, as could be the case for hexagonal B2O3, ICDD reference number: 01-
073-2100. 
 
PL (Photo Luminescence) spectroscopy has been used to observe the 
wavelength of light emitted after exitonic excitation of electrochemically deposited ZnO to 
gain insight into the electronic structure and influence of defects. In general it is found 
that emission occurs in two forms: 1. UV light emission. 2. Visible light emission. UV 
emission is due to excitonic relaxation in ZnO and visible light emissions (typically green) 
are due to excitonic relaxation in defects and impurities such as oxygen vacancies and 
interstitial zinc atoms, which result in the formation of holes in the band structure [133, 8, 
93]. Electrochemical deposition at increased temperatures [6] and annealing [17] have 
been shown to transform the interstitial and vacancy defects of Zn and O into Zn and O 
at lattice sites, therefore decreasing the levels of intrinsic O and Zn defects [17]. 
Likewise, it has been demonstrated that doping with aluminium results in Zn and O 
defects disappearing and the ZnO signal shows a blue shift since Al is directly interacting 
with the ZnO band structure  [31]. This shows that defects and impurities do play a role 
in the electronic structure of ZnO regardless of them being substitutional or interstitial.  
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2.6. Crystal nucleation and growth of zinc oxide nanostructures 
There are several mechanisms in the literature describing the electrochemical 
nucleation and growth of zinc oxide on a crystalline substrate from solution. They will 
now be discussed. 
 
 
2.6.1. Nucleation 
 The substrate has a large influence over the nucleation process and hence 
growth and morphology, as discussed in section 2.3.6. According to Barbier et al. [139], 
the adsorption behaviour of a surface can be controlled by small modifications to the 
surface so that only a few surface atoms can determine interactions between the surface 
and the surrounding environment. Work by Wang et al. suggests that the growth of 
electrodeposited ZnO may be dependent on the substrate used [8]. Belghiti et al. [84] 
reported that depending on the density of energetically favourable nucleation sites on 
the surface, the density of rods across the surface can be altered, illustrating that Au had 
a far higher density of rods on the surface than SnO2. This was also found by Choi et al. 
[56] who illustrated that in order for nucleation and growth to occur on a substrate, a 
surface activation energy barrier must first be overcome. This activation barrier has been 
described as the work of formation of the critical nuclei [83]. In relation to surface energy, 
Xu et al. [15] also noted that if the substrate surface energy is smaller than the surface 
energy of the deposits, growth of isolated 3D islands is more favourable that 2D films. 
Surface alloys may also make nucleation more favourable. A paper by Xue et al. [140] in 
1990 found that the electrochemical nucleation of zinc on aluminium is strongly affected 
by the surface preparation method and impurities, and that the presence of alloying 
elements in the aluminium substrate, in this case Iron, improved the nucleation of zinc.   
  
In order for nucleation to occur, Zn2+ ions first diffuse to the substrate surface 
[88]. This diffusion is potentially a limiting step for ZnO deposition. Yoshida et al. [1] 
studied ZnO deposition on Pt and found that the Zn2+ ions adsorb on the substrate 
surface by means of Langmuir type adsorption. They then act as mediators for nitrate 
reduction, forming OH- ions, and are then almost immediately consumed by OH- to 
eventually form ZnO. OH- reacts with Zn2+, forming Zn(OH)2 and then ZnO nucleation 
sites. 
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Pauporte et al. [108] found that nucleation occurred rapidly and started directly 
on surface defects. Once an initial nucleation site had formed, 3D growth occurred on 
the ZnO. They found that the rate of growth depended on upon which ZnO face the 
growth was occurring, where growth occurred 5 times faster on (0001) planes than 
{10 1 0} and {01 1 0} planes. The ZnO surface energies were theoretically computed by 
Wander et al. [141] and were found to be 2.32 Jm2, 4.1 Jm2, 5.4 Jm2 with respect to 
{10 1 0}, (11 2 0) and (0001)/(000 1 ), where the lowest energy face was the most stable 
and non-polar, and the highest energy face was the most unstable and polar. Surface 
energy is proportional to the density of broken bonds [142], also known as dangling 
bonds. This corresponds with the result found by Wander et al. [141] since it is known 
that the ZnO (0001) face is the highest energy and is composed of a polar layer of Zn2+ 
ions or O2- ions which are part of a hexagonal system. The number of dangling bonds on 
each ZnO crystal face can clearly be observed in fig 2.5.6. 
 
 Otani et al. [83] used several techniques to study cathodically deposited ZnO 
from 0.1 M Zn(NO3)2 on NESA glass or Au strips. They found that ZnO nucleation takes 
place at the ZnO precursor- substrate surface interface. A critical temperature was found 
at 333K whereby below that temperature, ZnO formed via Zn(OH)2 but above it, ZnO 
precipitated directly due to higher thermodynamic stability, as discussed in section 2.3.1. 
The deposit grew ‘adhesively’ on the NESA glass. Goux et al. [2] proposed a 4-stage 
deposition mechanism based on experimental evidence. 1. A layer of Zn(OH)2 gel is 
formed on the substrate surface. 2. The Zn(OH)2 then dehydrates to ZnO. 3. This 
dehydration occurs faster at higher temperatures. 4. ZnO crystallites grow and eventually 
coalesce. 
 
 
2.6.2. Growth 
When ZnO is deposited on a substrate, it is crystalline and usually has a 
preferentially (002) orientated texture which is parallel and lattice matched to the 
substrate surface [13, 94]. This type of growth is known as being epitaxial, and the 
occurrence of parallel substrate and epitaxial crystal faces is called epitaxial orientation 
[143]. Epitaxial misfit is the relative difference between the atomic spacing of the 
substrate and deposit [143]. Epitaxial orientation is said to be dependent on the structure 
of the crystal planes in contact (epitaxial misfit) and the nature of bonding across the 
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interface, and therefore not dependent on the mechanism of growth [143]. It can 
therefore be controlled by alterations to the temperature. This has been demonstrated by 
Otani et al. [83] who found the strongest (002) orientation at 70 oC compared to lower 
temperatures. 
 
A paper by Xu et al. in 2005 [13] studied the growth of ZnO. Wurtzite ZnO 
structure has alternating planes of Zn2+ and O2- stacked parallel to the substrate surface 
and perpendicularly to the c-axis, therefore the (0001) faces are polar and the {1010} 
sides are non-polar, as described in section 2.5.2. Therefore, electrostatic interactions 
cause ions in solution to adsorb on the polar (0001) face, causing ZnO to grow 
anisotropically. This was demonstrated in 2008 by an in-situ XRD study on the growth of 
ZnO nanorods on Au (111) by Ingham et al. [91]. It found that anisotropic growth 
occurred due to the differences in surface energy and polarity in ZnO, and growth 
occurred increasingly preferentially on the (002) face as Zn2+ diffusion became limited. 
They also found that after a few seconds of deposition, the deposits were already 
textured and strongly (002) orientated.  
 
Belghiti et al. [84] proposed a growth mechanism in 2008 based on their own 
findings. They observed lateral and vertical growth, where vertical (c-axis) growth 
occurred approximately 4 times faster on the (0001) face, but determined that there are 
two different growth regimes depending on the concentration of Zn2+. 1. High 
concentrations (neutral pH): OH- rapidly reacts with Zn2+ ions to generate ZnO. Both 
lateral and vertical growth occurs until the 3D islands coalesce into a dense continuous 
film. 2. Low concentration (pH >9): OH- ions are consumed slowly by Zn2+ to form ZnO. 
Initially, both lateral and vertical growth occurs until the system becomes diffusion limited 
by Zn2+, after which only vertical growth occurs in the c-axis, on the most reactive face - 
(0001), resulting in nanorods. 
 
A further investigation in 2010 by Illy et al. [19] also found different ZnO growth 
regimes but described a more detailed mechanism. They determined there are 3 
possible regimes resulting in different morphologies depending on the supersaturation of 
Zn2+ ions, leading to Zn(OH)2 precipitation. 1. Low supersaturation, [Zn2+] < 2 mM: 
Diffusion limited growth occurs according to Bessel-Cabrera-Frank (BCF) mechanism 
whereby screw dislocations result in spiral growth and hence pyramidally topped 
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nanorods with a fixed diameter. 2. High supersaturation, [Zn2+]>20 mM: Growth occurs 
according to the Kossel-Stranski-Volmer (KSV) mechanism, whereby 2D nucleation 
preferentially occurs on substrate surface defects such as edges, kinks and steps and 
results in platelets forming. 3. Medium supersaturation, 2 mM < [Zn2+] < 20 mM: Growth 
initially occurs according to the BCF mechanism then switches to the KSV mechanism. 
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2.7. Optical and electrical features of zinc oxide and doped zinc oxide 
2.7.1. Properties and their influencing factors 
This section will attempt to summarise and explain literature data about the 
electrical and optical properties of ZnO. The optical properties, namely the band gap 
(Eg), are usually measured by UV-Vis spectroscopy [35, 80]. This method will be 
described in more detail in section 3.4.1. The electrical properties of ZnO thin films can 
be measured using a standard 4-point probe method [35, 80]. However, measuring the 
conductance/resistance of individual nanorods is far more of a challenge. Several 
papers have been published describing methods to do this. The rod can either be 
removed from the substrate surface first or measured in-situ. Rods can be removed by 
sheering force [144] or ultrasonic dispersion in ethanol [145, 146]. Once removed, they 
can be dispersed onto an insulating substrate and connected to Pt micro-leads using a 
focused ion beam [145]. If the rod length is long enough, 4-points may be connected. 
Alternatively, with the rods dispersed in ethanol, they can be lined up between two Au 
probes using dielectrophoresis [146]. In-situ measurement of rods can be done using 
conductive atomic force microscopy (C-AFM) [147, 148]. The disadvantage of 2-point 
probe measurements compared to 4-point probe is that the measured values could be 
distorted by contact resistances. A paper by Mohney et al. describes a method to 
mathematically remove this contact resistance contribution [149].  
 
Table 2.7.1 below summarises the influence of cathodic deposition potential on 
the ZnO optical and electrical properties. It shows that there is a clear discrepancy about 
the influence of deposition potential on the optical band gap, Eg, of ZnO. Izaki et al. [21] 
showed that potential has no influence on the band gap and that the value obtained was 
consistent for non-doped ZnO, implying that the deposit was pure, unstrained ZnO each 
time regardless of deposition rate and morphological changes. A standard single crystal 
of wurtzite ZnO has an Eg of 3.37 eV [9]. This contrasts the findings of Pauporte et al. 
[105] who explained the increase in Eg was due to the presence of stress in the film, 
highlighting that Eg increased linearly with the c-lattice parameter and decreased when 
the lattice was unstrained via annealing. The table also shows that cathodic potential 
has an influence on the uptake of boron dopant, as described in section 2.5.3. The 
increase in dopant concentration results in a rapid decrease in the resistivity and hence 
an increase in electron mobility. There is also a huge increase in the carrier 
concentration since boron is believed to act as an electron donor in the ZnO film [119]. 
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Material Substrate 
Deposition 
potential/ V 
Eg/ 
eV 
Resistivity/ 
Ωcm 
Carrier 
concentration/ 
cm-3 
Mobility/ 
cm2V-1s-1 
Reference 
-0.7 vs. 
Ag/AgCl 
3.3 - - - 
-0.8 3.3 - - - 
-0.9 3.3 - - - 
-1.0 3.3 - - - 
-1.2 3.3 - - - 
ZnO SnO2 
-1.4 3.3 - - - 
[21] 
-1.1 vs. 
MSE 
3.40 - - - 
-1.3 3.43 - - - 
-1.4 3.50 - - - 
ZnO FTO 
-1.5 3.55 - - - 
[105] 
B doped ZnO 
(1.1%) 
-0.8 vs. 
Ag/AgCl 
- 10-2 4x1019 85 
B doped ZnO 
(0.6%) -1.0 - 10
-2 8x1018 65 
B doped ZnO 
(0.45%) -1.1 - 0.8 6x10
16 35 
B doped ZnO 
(0.4%) 
Activated 
glass 
-1.2 - 3 4x1016 30 
[119] 
 
Table 2.7.1. The influence of cathodic deposition potential on ZnO and doped ZnO electrical and optical 
properties. 
 
Material 
Deposition 
potential/ V 
Substrate Aggregated 
size/ nm 
Deposition 
time/ min 
Eg/ eV Reference 
186 5 3.48 
250 10 3.37 ZnO -0.9 vs. SCE ITO 
325 20 3.33 
[107] 
- 5 3.53 
- 10 3.52 ZnO -1.7 vs. SCE ITO 
- 20 3.51 
[9] 
 
Table 2.7.2. The influence of deposition time on ZnO electrical and optical properties. 
 
 Table 2.7.2 shows data which agree that during deposition of ZnO, the band gap 
is initially high but decreases over time. This change has been correlated with the size of 
aggregates, indicating that small aggregates result in higher than normal Eg values 
which decrease towards those for pure, unstrained ZnO as the aggregates grow. The 
elevated Eg was explained by both authors as being due to the presence of small 
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quantities of Zn(OH)2, as confirmed by FTIR [9] and annealing [107] experiments, since 
Zn(OH)2 has a much wider band gap than ZnO [107]. This corresponds with the findings 
of Otani et al. [83], discussed in section 2.3.1, where Zn(OH)2 is believed to be present 
on the surface of ZnO before gradually dehydrating to ZnO. As the aggregates grow and 
coalesce, the relative quantity of Zn(OH)2 found on the surface in contrast to the quantity 
of bulk ZnO will decrease, hence becoming less significant. 
 
Material 
Deposition 
method 
Resistivity/ 
Ωcm 
Carrier 
concentration/ 
cm-3 
Mobility/ 
cm2V-1s-1 
Eg/ 
eV 
Reference 
ZnO 109 - - - 
ZnO (0% B) 50 1017 1 - 
ZnO (0.3% 
B) 0.1 3x10
19 2 - 
ZnO (1.1% 
B) 
Electrochemical 
0.01 4x1019 90 - 
[4] 
0% Al 5x10-3 2x1018 30 3.4 
0.4% Al 4x10-4 3x1020 20 3.7 
0.8% Al 3x10-4 1021 18 3.8 
1.2% Al 6x10-4 9x1020 15 3.8 
2% Al 10-3 7x1020 9 3.8 
4% Al 
Pulsed laser 
deposition 
0.07 2x1020 11 - 
[80] 
0% Al 0.09 9x1016 - 3.328 
0.5% Al 0.02 2x1018 - 3.338 
1% Al 0.015 2x1018 - 3.348 
2% Al 0.02 2x1018 - 3.36 
3% Al 0.08 9x1017 - 3.362 
5% Al 
Sol-gel 
0.3 2x1017 - 3.37 
[33] 
 
Table 2.7.3. The influence of changing dopant quantities on ZnO and doped ZnO electrical and optical properties. 
 
 Table 2.7.3 summarises data showing the influence that dopants have on the 
electrical and optical properties of wurtzite ZnO. It can clearly be seen that adding group 
III dopants to ZnO causes the resistivity to decrease and the carrier concentration and 
band gap to increase. In the case of boron doping, the electron mobility increases, 
where for Al-doping it decreases. It is agreed amongst authors that the reason for the 
carrier concentration increase is due to B3+ or Al3+ donating extra electrons to the band 
structure [32, 64, 4, 33, 51, 81, 80]. If the ion is substitutional, it donates one extra 
electron [32, 33, 31, 81]. The increase in the band gap as dopant quantity increases is 
associated with an increase in the carrier concentration only if the carrier concentration 
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becomes higher than the critical carrier concentration, nc, believed to be 3.68x1018 cm-3 
for wurtzite ZnO [61]. Above this value, the band structure is said to undergo a ‘Burstein-
Moss shift’ where by electrons donated by dopants occupy the lowest states within the 
conduction band, causing Eg to increase [7, 31, 33, 50, 61, 80].  
 
It can also be observed from the table that during doping a critical point in the 
dopant concentration can be reached. Below this concentration, increasing dopant levels 
positively improves the electrical properties. After the critical point is reached, further 
doping begins to have a negative impact on the electrical properties by increasing 
resistivity, and decreasing carrier concentration and electron mobility. This critical point 
occurs at different at.% for different deposition methods but is typically around 0.8-4 at.% 
[32, 33, 31, 51, 35]. It has been suggested that the critical doping concentration exists 
due to the solubility limit of Al3+ [32]. There are several explanations for this 
phenomenon: 
 
1. Below the critical point, Al3+ and B3+ enter the lattice in substitutional Zn2+ 
positions and donate electrons to the band structure, thus increasing the carrier 
concentration [32]. When the critical point is reached, the ions also begin entering the 
lattice as interstitial ions [33] or at grain  boundaries [32, 35]. The disorder in the lattice 
or at grain boundaries causes the electrons to be scattered, hence increasing the 
resistivity [33, 35] and decreasing electron mobility [32]. 
 
2. Below the critical point, Al3+ and B3+ enter the lattice as either interstitial and/or, 
more commonly, just as substitutional ions and donate electrons to the band structure, 
thus increasing the carrier concentration [31, 64, 50, 61, 80]. Above the critical 
concentration, small regions of insulating metal oxide (M2O3) begin to form from the 
dopants, believed to be between grains of ZnO, although this material is not always 
detectable by XRD [64, 50, 51, 61, 80]. The formation of metal oxide ‘neutralises’ the 
electrons that would otherwise be donated to ZnO, therefore stopping the carrier 
concentration further increasing and causing increased scattering at the grain 
boundaries [31, 64, 50, 80]. Therefore resistivity increases and electron mobility 
decreases. 
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While it is believed that electron mobility can be reduced by scattering at grain 
boundaries, pores and impurity ions, there is some evidence that mobility is limited by 
these grain boundaries and thus linked with grain size [73, 4], whereby the smaller the 
grain size, the more scatting occurs per unit volume and therefore the lower the electron 
mobility [51, 80]. Reduced mobility means increased bulk resistivity. This corresponds 
with discussion in section 2.5.2, where it was shown that Al-doping can reduce crystal 
quality by reducing orientation and crystallite size if above the critical concentration. 
 
Material 
Annealing 
temperature/ oC 
Annealing time/ 
hrs 
Annealing 
atmosphere 
Eg/ eV Reference 
0 0 - 3.5 [17] 
150 5 Air 3.4 [17] ZnO 
400 1 Air 3.3 [17] 
0 0 - 3.56 [8] 
ZnO 
380 1 Air 3.29 [8] 
0 0 - 3.22 [103] 
ZnO 
550 0.25 Air 3.20 [103] 
 
Table 2.7.4. The influence of annealing on ZnO electrical and optical properties. 
 
 Table 2.7.4 shows the impact that annealing has on the ZnO band gap. Clearly, 
the data agrees that annealing in air causes the band gap to decrease towards the 
expected value for pure, unstrained ZnO, and this occurs most effectively for higher 
temperatures. This effect was explained as being due to the removal of Zn(OH)2 [8] and 
other impurities such as Cl [17] from ZnO.  
 
Table 2.7.5 below shows a contrast in sheet resistance along different ZnO 
crystal planes. Clearly, sheet resistance is generally larger along the ZnO-{10 1 0} planes 
than the {0001} planes. This can be described by considering the ZnO wurtzite crystal 
structure, shown in figures 2.5.6 and 2.5.7. In this case, the {0001} planes are polarised, 
either consisting of planes of Zn2+ for (0001), or planes of O2- for (000 1 ). This 
polarisation enables rapid conduction along these planes, lowering the resistance. The 
{10 1 0} crystal planes are apolar, consisting of alternating Zn2+ and O2-. This reduces the 
conductivity, hence increasing sheet resistance. The table 
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nanorod diameter can alter resistance along the {10 1 0} planes of the c-axis in a non-
linear fashion despite diameter being perpendicular to the direction of conduction. 
 
Material and 
its texture 
Sample 
morphology 
Bulk depth, or 
nanorod diameter/cm Sheet resistance/ Ωsq
-1
 Reference 
ZnO-(0001) Bulk single crystal 0.2 460 Ψ [150] 
ZnO-(000 1 ) Bulk single crystal 0.2 37.5 Ψ [150] 
ZnO-{10 1 0} Nanorod single crystal 87x10-7 8966 * [68] 
ZnO-{10 1 0} Nanorod single crystal 103x10-7 14563 * [68] 
ZnO-{10 1 0} Nanorod single crystal 200x10-7 3900 * [68] 
ITO Bulk film 9x10-6 10-12 [151] 
 
Table 2.7.5. The sheet resistance along different ZnO crystal planes and the ITO substrate surface. 
Ψ
 = Sheet resistance calculated from current density-voltage values quoted in the literature.  
* = Sheet resistance calculated from bulk resistivity values and sample dimensions quoted in the literature.  
 
In all cases shown in table 2.7.5, the sheet resistance of the ITO substrate is 
lower than that of ZnO, indicating that if ZnO and ITO were to be used in a device, one 
would not expect the formation of a schottky diode across the ZnO-ITO interface when 
electrons flow towards ITO, and hence contact resistances should be small. 
 
 
2.7.2. ZnO Conduction mechanism 
 A paper by Chiu et al [68] in 2009 examined the conduction mechanism in 
individual single crystal ZnO nanowires by 4-point probe method at temperatures ranging 
from 0.25 K to 300 K. Three different types of conduction were found to be dominant in 
different temperature ranges. Between 5 and 20 K, charge transport takes place by 
nearest-neighbour hoping between discrete donor states arising from intrinsic defects 
such as zinc interstitials and oxygen vacancies. Between 20 and 100 K, charge transport 
occurred due to the excitation of electrons from the Fermi-level to the discrete donor 
impurity band. Above 100 K, charge transport takes place by thermal excitation of 
electrons from the Fermi-level to the conduction band. At room temperature, conduction 
occurs by means of a combination of thermal activation and nearest-neighbour hopping. 
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Electrical measurements on single crystal ZnO are believed to show improved 
electron mobility perpendicular to the c-axis [152]. A later study by Nonomura et al. [114] 
showed that when ZnO was used in a device, it had improved electron transport, 
decreased recombination reactions and increased electron diffusion lengths when the c-
axis was parallel to the substrate rather than perpendicular. Given the crystal structure of 
ZnO, discussed in section 2.5.2, these findings imply that electrons move best through 
ZnO along the a/b-axis, parallel to the (002) face, which consists of polar charged layers 
of either O2- or Zn2+. This corresponds with data in table 2.7.5. When a grain boundary is 
reached, the transport mechanism may be disrupted. A study by Maity et al. [34] found 
that around the grain boundaries are impurity atoms such as Al and adsorbed O2 which 
create a potential barrier due to electron depletion, hence trapping the electrons. This 
barrier can be overcome by further thermal activation of electrons (thermionic emission) 
from the trap to the conduction band inorder to cross the grain boundary. This process is 
known as the Poole-Frenkel effect [34].  
 
 The diameter of ZnO nanorods plays an important role in the electrical behaviour. 
In ZnO rods with a length of ~3 µm, a critical diameter of ~27 nm has been found by 
Frank et al [46], where above this diameter the rod conducts well and below this 
diameter it does not conduct well. This size dependent conduction behaviour has been 
attributed to the presence of surface states that deplete the carrier concentration to form 
a depletion layer [46]. Rods have a high surface to volume ratio, which increases as the 
aspect ratio increases [46]. This means that surfaces can dominate the electron 
transport properties of ZnO nanorods. The surface of ZnO contains dangling bonds that 
act as adsorption sites for gases and oxygen species which undergo weak physisorption 
followed by chemisorption by reacting with electrons from the surface states to form 
covalent bonds [153]. Examination of individual nanowire conduction by Youfan et al. 
[154] showed that the chemisorption of hydrogen atoms on the surface resulted in 
downward band bending, due to a very conductive accumulation layer at the surface. 
Conversely, chemisorption of O2 resulted in upward band bending due to a poorly 
conducting depletion layer and hence general poor conduction in the nanowire. In a 
study by Verma et al. [153], they exposed the surface to environments that cause non-
destructive surface cleaning. Physisorbed oxygen species could be desorbed by 
annealing at 400 K in UHV. The addition of UV irradiation during annealing in UHV also 
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removed chemisorbed oxygen species. The removal of these oxygen species improved 
the conduction of individual nanowires by ~17 times. 
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2.8. Photovoltaic applications 
2.8.1. Types of devices 
PV (photovoltaic) devices are used to convert sunlight into electricity. They 
consist of layers of semiconductors sandwiched between two electrodes, one of which 
must be transparent to allow light inside the device. There are several different basic 
types of PV devices today which function differently but all aim to achieve maximum 
electrical output. The two main branches of PVs are inorganic solar cells (ISCs) and 
excitonic solar cells (XSCs) [155]. Within XSCs the main types are organic solar cells 
(OSCs), hybrid solar cells (HSCs) and dye sensitised cells (DSSCs) [156, 155]. 
Variations on each of these cells exist [157]. Fig 2.8.1 below illustrates typical device 
designs for each of these types. 
 
 
Fig 2.8.1. The  main types of PV devices: Device design. a) ISC. b) OSC. c) HSC. d) DSSC. 
Ring around the e- and h+ signifies a tightly bound electron hole par (exciton).  
 
 The main difference between all the cell types is in the materials used and how 
the electrons are extracted. When inorganic solar cells absorb sunlight an electron hole 
pair is created, where the electron and hole are free to move within their band [155]. The 
electrons and holes separately make their way towards their corresponding electrodes, 
where electrons move downhill and holes move uphill. In excitonic cells, when organic 
semiconductors absorb light this creates an electron hole pair called an exciton by 
 93 
exciting electrons in to the LUMO and leaving a hole in the HOMO [157]. The exciton is 
tightly bound and must be split if the charge is to be released [155]. Exciton splitting 
occurs at interfaces [155]. The interfaces between different semiconductors and 
electrodes have built-in electric fields which cause the electrons and holes to flow in 
opposite directions across the junctions to the next semiconductor (the acceptor) and so 
on towards the electrodes, therefore creating a DC current [157]. This built-in electric 
field is believed to be directly related to the energy difference between the donor HOMO 
and the acceptor LUMO [158]. The general structure and function of an excitonic PV is 
illustrated in fig 2.8.2 below. 
 
 
Fig 2.8.2. The theory of PV device current generation [158]: a) General open-circuit energy level diagram of an 
inverted PV device. b) General short-circuit energy level diagram of an (operating) inverted PV device. 
Ef= Fermi energy level. LUMOA=Lowest Unoccupied Molecular Orbital in the electron accepting organic 
semiconductor. HOMOD= Highest Occupied Molecular Orbital in the electron donating organic semiconductor. 
∆V=Built-in interfacial electric field. VOC=Open circuit voltage. hv=Energy of light absorbed. 
 
The appeal of exitonic versus inorganic solar cells is that excitonic cells use low 
cost organic materials and construction methods which can easily be scaled up for 
industrial production [155, 156]. Dye sensitised cells have the best efficiencies reported, 
followed by hybrid then organic cells [155]. However, dye sensitised cells have relatively 
poor stability and lifetime due to their use of an acidic liquid iodide electrolyte [159, 160]. 
Organic semiconductors themselves can have good light absorbing properties but 
relatively low electron mobility [155], while crystalline inorganic semiconductors make for 
 94 
good electron acceptors since they have high electron mobility, and good physical and 
chemical stability [161]. Inorganic semiconductors can also be solution processed to 
produce varying morphologies, as demonstrated in section 2.5.1, meaning that the 
surface area and interfacial interactions can be modified [161]. Combined with the 
processing ability of organic semiconductors, the creation of a hybrid cell means the 
device has potentially enhanced performance compared to an organic cell [155] and 
reduced production costs compared to an inorganic cell. 
 
 
2.8.2. Photovoltaic materials 
 For the purpose of hybrid PV design in this project, the electron acceptor and 
transporter will be inorganic ZnO. ZnO is well suited to this role because it is a wide band 
gap semiconductor [155], therefore it is transparent, allowing light to be absorbed by the 
designated light absorbing material. It also has high electron mobility and excited state 
lifetimes and can be synthesised into a large variety of morphologies [155], making it 
suitable for rapid electron extraction. It also has reasonably good physical and chemical 
stability, is cheap and non-toxic and can enhance light trapping within the device [161]. 
Since we know that electric fields at interfaces are responsible for electrons and holes 
moving to the next material in opposite directions and ZnO will be the electron 
transporter, the organic light absorbing electron donator/hole transporter semiconductor 
must have a LUMO higher than the ZnO CB (conduction band) and a HOMO higher than 
the ZnO VB (valence band). A variety of some possible organic semiconductors are 
shown in fig 2.8.3 below with regard to their relative HOMO and LUMO positions 
compared to the ZnO VB and CB. 
 
 
Fig 2.8.3. The position of the HOMO/LUMO of organic semiconductors in relation to the VB/CB of ZnO/ eV. 
It shows the general positions of: ZnO [162], PCBM [163], P3HT [164, 163], N3 [165], N719 [166], PEDOT:PSS [163, 
164], tsCuPc [167].  
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 Clearly, from an electronic structure point of view, all of the above organic 
semiconductors are suitable to use with ZnO. However, it has been established that 
PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrenesulphonate)) is an 
unsuitable material since it degrades corrosively during device operation [163, 164, 168, 
169] and is electrically inhomogeneous [168]. tsCuPc (tetrasulphonic acid 
copperphthalocyanine) when used in devices has a low exciton diffusion length (< 30 
nm). It also undergoes rapid degradation in air [170] resulting in poor device 
performance (~0.8 % efficiency down to 0.5 % by 2 hrs) which is believed to be due to 
the diffusion of O2 into the grain boundaries [170]. In contrast to these findings, solid 
state hybrid devices made using PCBM ((6,6)-phenyl-C61-butyric acid methyl ester), 
P3HT (poly(3-hexylthiophene)), N3 (cis-bis(isothiocyanato)-bis(2,2’bipyridyl-
4,4’dicarboxylato) Ruthenium(II) complex) and N719 (cis-
bis(isothiocyanato)bis(2,2’bipyridyl-4,4’dicarboxylato) Ruthenium(II) bis-
tetrabutylammonium) have shown device efficiencies as high as 5.1 % for PCBM:P3HT 
blends [171] and 2.8 % for N3 and N719 together [172].  
 
Studies into P3HT and PCBM show that as a blend, P3HT plays the role of 
electron donor and PCBM plays the role of electron acceptor [76], where charge 
separation occurs at the large blended P3HT/PCBM interface [40]. In a device, these 
electrons are then transferred on from PCBM to the ZnO conduction band [40]. It is 
believed that the excited state lifetime in PCBM is ~1.25 ns [173, 174] and that holes are 
rapidly transferred from PCBM to P3HT in ~0.3 ns [174], where the electron mobility in 
PCBM is 2x10-3 cm2V-1s-1 [173]. This charge transfer is believed to occur rapidly since 
P3HT polymer backbones stack parallel to one another and at material interfaces, 
allowing their pi-orbitals to overlap [175, 176]. Comparably, little is known about the 
electrical properties of N3 and N719 other than device performance when they are 
present. 
 
 
2.8.3. Performance influencing factors 
Devices consisting of a P3HT:PCBM blend have been shown to generate the 
best device efficiencies when the blend is spin-coated using a chlorobenzene solution 
since this enables better filling between ZnO nanostructures [177]. The PCBM:P3HT 
blend showed the longest relaxation time and best device performance when the weight 
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ratio was 1:1 [173]. This is believed to be because up to 50 wt.% PCBM, there is an 
increased probability of charge transfer due to blending of the materials, hence reduced 
probability of recombination, but above 50 wt.%, PCBM begins to disrupt the long range 
order in crystalline stacked P3HT [173].  
 
Ruthenium dyes such as N3 and N719 have been used in solar cells in a variety 
of ways. Traditionally they have been used in dye sensitised solar cells with a liquid 
electrolyte, resulting in good light absorbance [178, 179], rapid electron transport [180] 
and ultimately device efficiencies as high as 5 % [178]. Recently, Ruthenium dyes have 
been used in solid-state PV cells. It has been demonstrated that they can be used as a 
sensitiser layer between ZnO and a P3HT:PCBM blend [181], where their presence 
increased device efficiency by 72 % [181]. The layer can be laid using the dye dissolved 
in  ethanol [172, 178, 179] or acetonitrile-tert-butyl alcohol [181].  
 
Therefore, solution processing methods will be used to infiltrate the ZnO 
nanostructures with organic light absorbers; P3HT, PCBM, N3 and N719, in various 
combinations. For infiltration with N3 and N719, 0.5 mM of each will be dissolved in 
ethanol. The sample will be dipped in the solution for 2 minutes to infiltrate the ZnO 
nanostructures before allowing it to dry naturally. For infiltration with PCBM and/or P3HT, 
20 mgmL-1 of each compound will be dissolved in 1, 2-dichlorobenzene and spin coated 
at 600 rpm on the nanostructures either individually or as a blend. P3HT and PCBM 
were deposited on my behalf by Prof. T. Jones’ group at the department of Chemistry, 
Warwick University. 
 
 The morphology of ZnO has an influence on the device performance. In a study 
by Takanezawa et al. [40] they made a hybrid device consisting of 
ITO|ZnO|PCBM:P3HT|Ag where ZnO was structured into films and nanorods of various 
dimensions. They showed that thin films of ZnO can generate device efficiencies of 1.8 
%. When rods were grown on the ZnO film, efficiency improved to 2.7 % as rod length 
increased from 0 to 300 nm. The increase was attributed to an increase in the fill-factor 
since VOC and ISC did not change in relation to morphology. They explained this 
observation as the rods acting as electron collectors, providing a direct transport path to 
the electrode. At the time of writing, this author found no literature studying the influence 
of ZnO group III doping on device performance. 
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 When building the device, at least one of the electrodes needs to be transparent 
to allow light to enter the cell. A typical choice for this electrode is ITO on glass [40, 168]. 
The other electrode is usually a metal such as Ag, Au, or Al [168]. Each of these metal 
electrodes have Fermi-levels in different positions relative to one another where Ag is 
the highest at -4.26 eV, Al is at -4.28 eV and Au is at -5.1 eV [168]. When used in an 
inverted style cell, this Fermi level should be higher than the ITO LUMO and VB/HOMO 
of the connected semiconductor. A study by Chen et al. [168] showed that changing the 
metal electrode to one with higher Ef, and hence ‘inverted electrodes’, produced better 
device performance than using one with a lower Ef and hence ‘non-inverted’ electrodes, 
improving efficiency from 2.31 % with Au to 2.37 % with Al. This agrees with the findings 
of Takanezawa et al. where device efficiency was 2.7 % in inverted cells consisting of 
ITO|ZnO|P3HT:PCBM|Ag. Therefore, the most suitable metal electrodes in a system 
with ITO and P3HT or PCBM are Ag or Al. Given that the two have similar Ef positions 
and Ag is more expensive, Al would be preferable. 
 
 When ZnO is nanostructured it is possible that when the organic semiconductor 
and metal electrode are in place, ZnO could still be in physical contact with the metal 
electrode, or the organic semiconductor could be in physical contact with ITO. The use 
of a buffer layer can prevent this contact from occurring by forcing electrons or holes to 
pass through it en-route to the electrodes. Depending on the size and position of its 
band gap, a buffer layer can either block electrons and conduct holes or block holes and 
conduct electrons. In this way, the use of a buffer layer can significantly improve device 
performance [163, 168, 169]. Fig 2.8.4 below shows the positions of HOMO/LUMO or 
VB/CB positions in various materials relative to one another, illustrated as in a device 
configuration. 
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Fig 2.8.4. The position of the CB/VB of hole conducting buffer layers in relation to 
 the VB/CB of electrodes, ZnO and organic semiconductors / eV. 
In addition to fig 2.8.3, it shows the positions of: MoO3 [163, 182, 169], WO3 [169, 168], VO3 [163, 169], ITO [168, 
183] and Al [168, 183]. 
 
  Clearly, from the diagram above, one can see that if there was no buffer layer 
between the light absorbing layers and the Al electrode, there would be a competing 
reaction between electrons flowing from the electron donors to either the Al electrode or 
ZnO. By inserting a metal oxide buffer layer, one can prevent the flow of electrons to the 
metal electrode and force it to flow towards ZnO and ITO without disturbing the flow of 
holes towards Al. According to the energy level positions, MoO3 would be suitable for 
use with N3/N719 and PCBM, and WO3 and VO3 would be suitable for use with N3, 
N719, PCBM and P3HT. However, WO3 is non-toxic [168], therefore this material is most 
appropriate for these devices. The optimised thickness of buffer layers are typically 
found to be 10 nm [164, 168]. 
 
 
 99 
2.9. Project aims 
The introduction and literature review has attempted to gain a deep insight and 
understanding into the deposition, growth, and application of ZnO nanostructures, based 
on current scientific publications. However, the review has left the following questions 
unanswered. This thesis will attempt to answers these questions as fully as possible: 
 
• Many studies have used electrochemical deposition to grow ZnO nanorods and 
other nanostructures. However, in each case the deposition conditions, and 
hence results, vary slightly. Therefore, it is important to establish a set of 
comparable electrochemical deposition conditions that can be used to grow well-
defined ZnO nanorods or platelets on both ITO and Au with comparable 
morphologies. 
• Little explanation has been given as to the reasons why using a different 
substrate or Zn(NO3)2 concentration can change the morphology of ZnO 
deposits. 
• Although Al(NO3)3 has been used to aluminium-dope ZnO during potentiostatic 
electrochemical deposition, Al-doping has not been confirmed in nanostructured 
ZnO. 
• No relationship has been shown illustrating the impact of varying the 
concentration of Al(NO3)3 in the electrochemical deposition solution on the 
quantity of aluminium in the deposit.  
• No relationship has been illustrated between % aluminium in solution or deposit, 
and different morphologies and substrates such as nanorods or platelets on ITO 
or Au. 
• Electrochemical deposition conditions need to be established to grow well-
defined aluminium doped ZnO nanostructures with controlled dimensions and 
dopant quantity.  
• Since doping and its quantity has not been confirmed in nanostructured 
materials, it has not been possible to fully comprehend a relationship between 
the quantity of dopant in the deposit and the ZnO deposit crystal structure, 
impurities and growth. 
• A doping mechanism for ZnO nanostructures is debated in the literature, and has 
not been fully investigated and confirmed for ZnO nanostructures grown by 
electrochemical deposition. 
 100 
• A relationship between the quantity of aluminium dopant in electrochemically 
deposited ZnO nanostructures and their performance in PV devices has not been 
fully examined, and has not been related to any underlying changes in ZnO 
structure and properties as a result of doping. 
 
The aims of this project will therefore follow a development sequence which can 
be roughly divided into three categories: 
 
1. Electrochemical deposition of nanostructured ZnO.  
2. Controlled in-situ doping of ZnO with group III elements such as aluminium.  
3. Application of these deposits in functional PV devices.  
 
In the first case, ZnO is to be electrochemically deposited. The parameters must 
be determined so that the morphology can be controlled and nanorods and platelets 
grown reproducibly. These structures should be deposited with good crystallinity and 
strong orientation so as to ensure ZnO has the best possible electrical conduction. The 
nanostructures should also be grown on a variety of substrates including Au and ITO 
since both of these conducting substrates can be used in devices. In the second case, 
ZnO will be aluminium-doped during electrochemical deposition using Al(NO3)3. The 
degree of doping and the mechanism of doping will be investigated. In-situ 
measurements will be made to monitor growth of the deposits and comparisons will be 
drawn between the doped and undoped systems to understand any influence that the 
dopant has on the ZnO crystallinity, morphology, rates of deposition and properties. In 
the third case, the undoped and doped nanorods or platelets will be used in solid-state 
hybrid PV devices using materials and construction design that should result in good 
device performance. Comparison will be drawn between the device performance 
parameters in relation to morphology, ZnO structure and composition, doping quantity, 
device construction and materials. 
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3.0. Equipment and methodology 
 
3.1. Deposition of zinc oxide: 
3.1.1. Potentiostatic electrochemical deposition: 
Zinc oxide was deposited by potentiostatic electrochemical deposition. The 
aqueous deposition solution used contained 1-50 mM Zn(NO3)2 or ZnCl2 and 0.1 M KCl 
dissolved in O2-saturated H2O. For Al doping, 0.002-0.2 mM Al(NO3)3 or AlCl3 was also 
added. The water was saturated by bubbling O2 through the solution vigorously for 20 
minutes prior to deposition. Bubbling is maintained at a gentle rate during deposition to 
maintain O2 saturation whilst minimising ion diffusion disturbance. According to 
electrochemical reactions 2.1, 2.2, and 2.3, a negative potential must be applied across 
the aqueous solution to activate the required reduction of O2, NO3- and H2O to generate 
the OH- ions, ultimately resulting in the deposition and formation of ZnO. The application 
of a negative bias results in the key reactions and deposition occurring at the cathode. 
Potentiostatic electrochemical deposition has been chosen over galvanostatic 
electrochemical deposition as many papers published on the topic have chosen to 
optimise their work using potentiostatic conditions [21, 8, 9]. Potentiostatic conditions 
also give greater control over the redox reaction window. The system set-up comprised 
of a standard 3 electrode cell. The reference electrode was Ag/AgCl in saturated KCl, 
which has a constant standard reference potential of +0.2224 V vs. SHE [184] due to the 
redox reaction shown below. The working electrode (cathode) was either ITO on glass 
(ITO evaporated onto glass, sheet resistance 10-12 Ωsquare-1, supplied by PsiOteC, UK 
Ltd [151]) or Au on glass (1000 Å Au evaporated on glass with a 50 Å layer of Cr or Ti to 
act as ‘glue’. Supplied by EMF corp., evaporated films, New York, USA), and the counter 
electrode (anode) was a large Pt mesh. The potential was applied between the 
reference electrode and cathode, and current flow measured between the cathode and 
anode, kept parallel to one another and 1 cm apart. The ITO and Au working electrodes 
were cleaned first by washing with acetone then water, then by air drying. 
 
Ag0(s) + Cl− ↔ AgCl(s) + e-  Eo = +0.2224 V vs. SHE 
 
 The reduction of redox reactants results in the generation of a negative current (I, 
mA). This is measured and converted into current density (j, mAcm-2) according to the 
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initial cathode surface area (A, cm2) using equation 3.1.1 below [89]. This equation 
assumes reactions occur across the whole surface area uniformly.  
 
A
ij =  
Eqn 3.1.1. Converting current into current density. 
J=Current density/mA cm-2. i=Current/mA, A=Active surface area of working electrode/ cm2. 
 
The total mass deposited may be calculated as a function of charge transferred 
assuming 100 % Faradaic efficiency and a pure ZnO deposit using Faraday’s law, 
equation 2.3.1 [89], where Q is calculated using equation 3.1.2 below [89, 185].  
 
       ∫ ⋅=
t
dtjQ
0
    
Eqn 3.1.2. Total charge transferred. 
Q=total charge transferred, C cm-2. t=time. j=current density, C cm-2. 
 
Alternatively, the total mass of ZnO actually deposited may be calculated using 
an experimental technique such as ICP-MS (described in chapter 3.2.3). Using Faradays 
law (equation 2.3.1) this mass can then be converted to the charge which should be 
transferred inorder to deposit that particular mass of ZnO. If the actual total charge 
transferred during that reaction is known, using equation 3.1.2, then the Faradaic 
efficiency (F.E.) for that reaction may be calculated according to equation 3.1.3. 
 
100.. xQ
Q
EF
A
M
=  
Eqn 3.1.3. Faradaic efficiency (F.E.). 
QM = Total charge transferred according to the total mass of ZnO deposited /  mCcm-2. 
QA = Total charge actually transferred according to the current density transient / mCcm-2. 
 
Work by Peulon et al. [25] and Goux et al. [2] shows that pure and crystalline 
ZnO only forms at temperatures above 34 oC, but deposition rate is best controlled 
between 50 and 85 oC, and crystal orientation and purity is optimised between 60 and 70 
oC [83]. A lot of studies into electrochemical deposition of ZnO have been carried out at 
60-70 oC [8, 9, 1]. Therefore, a deposition temperature of 65 oC has been chosen as a 
constant condition.  
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Electrochemical experiments were done using a Princeton VersaSTAT3 
potentiostat/galvanostat. This potentiostat has a current resolution of 6 pA ± 0.2 %. Any 
noise recorded during electrochemical experiements is therefore most likely to be a 
result of disturbances to the diffusion of ions caused by O2 bubbling through the solution 
during deposition. This noise could be amplified owing to the use of low concentrations 
of redox reactants. Care has been taken to minimise noise generated by poor electrode 
contact using the following method: Once cut to size, the ITO or Au working electrode 
was connected to a copper wire. The wire end was stripped and splayed to maximise 
contact. Contact was then enhanced by the use of silver nitrate paint, and then secured 
by copper tape before the paint dried. After 1 hour the paint was dry and the contact 
area was coated in insulating paint to prevent short-circuiting during electrochemical 
deposition. After 1 hour this paint was dry and the excess copper wire was secured 
rigidly by inserting inside a capillary tube to prevent movement of the working electrode 
during electrochemical experiements.  
 
3.1.2. Cyclic voltammetry (CV): 
All electrochemical reactions are to some degree controlled by both kinetics and 
thermodynamics, as demonstrated by equations 3.1.4 to 3.1.7 below. Electrochemical 
reaction potentials quoted in section 2.2.1 are directly relevant to standard conditions 
only. Since electrochemical deposition will be done under non-standard conditions (65 
oC) with varied working electrodes and solutions, the potentials at which reactions 2.1, 
2.2 and 2.3 occur could be different. It is therefore important to verify the point at which 
specific electrochemical reactions occur and define the redox window, since different 
thermodynamic and kinetic conditions may modify this. This has been done using cyclic 
voltammetry. The deposition solution consisting of O2 saturated H2O, Zn(NO3)2 or ZnCl2 
and KCl is broken down to its individual components in solution, and a potential is swept 
between 0 and -2500 mV (vs. Ag/AgCl) in 1 cycle at 10 mV/s.  
 
       Q
nF
RTEE ee ln
0
−=                  
Eqn 3.1.4. Nernst equation [89] [186]. 
Ee=Equilibrium potential/V. Eeo=Equilibrium potential at standard conditions/V. R=Molar gas constant/Jmol-1K-1. 
T=Temperature/K. n=Number of electrons involved in redox. F=Faradays constant/ cmol-1. Q=Reaction quotient. 
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00
nFEG −=∆       
Eqn 3.1.5. The relationship between Gibbs free energy, reaction potential and reaction rate [186].  
∆G=Change in Gibbs Free energy/kJmol-1. n=Number of electrons involved in redox. F=Faradays constant/ cmol-1. 
E=Electrochemical reaction potential/V. 
 
eEE −=η  
Eqn 3.1.6. Overpotential [89]. 
η =Overpotential/V. E=Applied potential/V. Ee=Equilibrium potential/ V. 
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Eqn 3.1.7. Butler-Volmer equation [89]. 
I=Current/A. Io=Current at equilibrium potential/A. αC =Cathodic transfer coefficient. αA = Anodic transfer 
coefficient. η =Overpotential/V. n=number of electrons for redox. F=Faradays constant/Cmol-1. R=Gas 
constant/JK-1mol-1. T=Temperature/K. 
 
Redox reactions occur when the applied potential becomes negative or positive 
enough to activate a reduction or oxidation reaction respectively. For non-standard 
conditions, the Nernst equation (equation 3.1.4) can be used to determine the redox 
equilibrium potential. The Gibbs free energy of a reaction at a specific potential can be 
calculated according to equation 3.1.5, where a negative Gibbs free energy indicates a 
spontaneous reaction. When redox occurs a current will be generated. By convention 
the sign of the current will be negative for reduction and positive for oxidation. As the 
overpotential (equation 3.1.6) becomes larger, the activated reaction will occur faster 
thus generating more current (equation 3.1.7) until eventually the system becomes 
diffusion limited [96]. At this point the current will become independent of further 
potential increases.  
 
Although the Nernst equation, shown in equation 3.1.4 [186], may also be used 
to calculate the reduction/oxidation potential for an equilibrated reaction at a specific 
temperature, it does not take into account effects of non-redox species-species 
interactions in solution and the effect of substrates which could activate or deactivate 
reactions. Therefore cyclic voltammetry is the preferred method to calculate the 
reduction potentials for reduction reactions 2.1, 2.2 and 2.3. By performing cyclic 
voltammetry on each of the solution components, one can attribute current signal 
changes to specific redox reactions. Once the electrochemical potentials for each 
 106 
reaction have been established, the solution components may be combined as would be 
for deposition, to observe any further possible interactions between the species which 
could cause shift in the determined redox potentials. 
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3.2. Morphological and chemical analysis: 
3.2.1. Scanning Electron Microscope (SEM): 
Scanning Electron Microscopy was developed by Zworykin in 1942 [187], and is 
today one of the most useful types of microscopy. It is typically used to analyse 
topography, morphology, surface crystallography and composition. It is not limited to use 
on any specific types of materials [187], however, non-conducting materials need to be 
coated in a thin layer of a conducting material such as Au or Cr before imaging in order 
to remove charge build-up in the samples from the electron beam. Charge build-up 
results in image distortion, and thermal and radiation damage [187]. The equipment 
consists of an electron gun, electromagnetic lenses, sample and signal detector [187, 
188]. Fig 3.2.1 below illustrates the way in which an SEM operates.  
 
 
Fig 3.2.1. Technical diagram of the SEM [189]:  
Electron beam generation, focusing and types of signal generation and collection. 
 
The electron gun generates an electron beam either by thermionic emission or 
field emission with beam energy typically between 10-20 keV. The guns are usually 
made of LaB6 or Tungsten and generate beams 5-10 nm wide for thermionic emission or 
0.5-2 nm wide for field emission [187]. The beam is then accelerated towards the sample 
using electromagnetic field lenses. Electromagnetic coils also serve to focus and raster 
the beam across the sample surface [187, 188]. When the beam hits the sample, the 
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electrons penetrate to a depth dependent on the accelerating voltage and sample 
density. Penetration depth can be calculated using Equation 3.2.1 below: 
 
ρ
5.1
01.0 EX =  
Eqn 3.2.1. Penetration depth of an electron from an accelerated electron beam [188]. 
Eo=accelerating voltage/keV,  ρ=density/g cm-3, X=penetration depth/µm. 
 
 When the penetrating electron beam enters the samples interaction volume, 
several elastic and inelastic interactions occur, each generating a different signal mode: 
Elastic scattering occurs when accelerated incident electrons collide with the nuclei of 
the samples atoms. This causes the direction of the electrons velocity to change with no 
energy lost to the sample [187, 188]. Elastic collisions generate backscattered electrons 
(BE). Inelastic scattering occurs when energy is transferred to the sample atoms and 
electrons. Inelastic collisions generate secondary electrons (SE), Auger electrons (AE), 
x-rays (X), cathodic luminescence (CL), excitons (Electron Beam Induced Current), 
phonons and plasmons, as illustrated in fig 3.2.1 [187, 188]. The two modes used for 
SEM imaging are secondary electrons and backscattered electrons. Secondary 
electrons are generated in the first 5 nm from the sample surface [188]. They deflect at 
different angles depending on surface morphology, therefore are used to directly image 
the material morphology [188]. Backscattered electrons have lower resolution imaging 
because elastic collisions occur as deep as 2 µm below the sample surface [188]. 
 
 In this work, a LEO Gemini 1525 FEG-SEM was used to observe the morphology 
of the ZnO deposits. The accelerating voltage was 15 keV, the aperture was 30 µm and 
the working distance 15 mm. The morphology was observed at 0, 45 and 90 degree tilt 
angles. This enabled different views of the deposit and hence different morphological 
information to be obtained such as nanorod diameter, length and number of rods per unit 
area.  
 
 
3.2.2. Energy dispersive X-rays (EDX): 
X-rays are one of the signals generated in the SEM as described above, in 
section 3.2.1. The primary electron beam stimulates the emission of X-rays from the 
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samples interaction volume by inelastically knocking an electron from the samples 
atomic orbitals [188]. These vacant orbitals are then filled with electrons from higher 
energy states by emission of an X-ray with energy equivalent to the energy difference 
between the high and low energy electron states [188]. The emitted X-ray is adsorbed by 
a solid state Si detector, causing an electron to be excited into the conduction band, thus 
generating a current [188]. The energy emitted is indicative of the element present. 
There may be several peaks generated by one type of atom depending on which energy 
shell has a vacancy and from which higher energy shell the electron dropped down from 
[190]. A basic summary of this is illustrated in fig 3.2.2: 
 
 
Fig 3.2.2. EDX energy transitions and terminology within an atom [190]. 
 
Therefore this allows a quantitative analysis of which elements are present and in 
what quantities. Heavier atoms require larger energies to overcome the electron binding 
energy and therefore generate X-rays [190], but once excited they generate more 
intense signals with multiple characteristic X-ray energies. Light elements produce small 
intensity signals with only a few characteristic peaks. In the case of light dopant atoms 
such as aluminium in ZnO, the signal is too small to accurately quantitatively observe 
and may be masked by signals from heavier elements. In this work therefore, EDX is 
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most useful for determining the Zn:O ratio and qualitatively observing the presence of 
impurities. 
 
 In the case of this project, EDX is performed on the ZnO and doped ZnO 
deposits using a LEO Gemini 1525 field emission SEM, with a constant working distance 
of 15 mm, aperture of 120 µm to maximise the signal intensities and typical beam energy 
of 10 keV. The signal intensity and peak positions are calibrated beforehand using a 
standard Si sample. 
 
 
3.2.3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS): 
 Inductively coupled plasma (ICP) is a flame-like electrical discharge used for 
elemental and isotopic ratio analysis [191]. It is highly sensitive, measuring elemental 
concentration in the parts per million [ppm] range [192]. This makes it suitable for 
accurately measuring the quantity of dopant atoms in the ZnO deposit in relation to the 
quantity of zinc atoms and consequently far more reliable than EDX as described in 
section 3.2.1. ICP was first used by Greenfield et al. in 1964 and Wendt and Fassel in 
1965 [193]. Three main types of ICP have since evolved. These are ICP-AES (atomic 
emission spectrometry), ICP-AFS (atomic fluorescence spectrometry) and ICP-MS 
(mass spectrometry) [191]. In ICP-MS Argon gas is used to produce the plasma flame. A 
pump then drives the dissolved sample into a nebuliser where it is sprayed into the 
Argon plasma flame as a fine mist. Once in the plasma, the sample is vapourised into 
atoms and ions which become excited and emit electromagnetic radiation. The light is 
focused into a diffraction grating which separates signals of different wavelengths. The 
wavelength of the light is characteristic of the type of element present. The intensity is 
characteristic of the quantity relative to the known value from a reference [194]. 
 
Reference samples must be prepared with a range of concentrations to create a 
calibration line for quantitative ppm analysis of Zn and Al in the samples. 0, 1, 10, 20 and 
50 ppm were chosen. It is not possible to create a reference for oxygen since this is a 
gas. These references were prepared in 50 mL centrifuge tubes with a matrix of 5 % 
HNO3 in ultra pure H2O (18 MΩ). The ZnO samples were prepared by putting the whole 
sample in 15 mL of 5 % HNO3 in ultra pure water (18 MΩ) in a 15 mL centrifuge tube. 
Due to the acidic pH of the matrix, the ZnO spontaneously dissolves, as shown in phase 
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diagram a) in fig 2.3.1. Samples are sonicated for 2 hours to ensure all the ZnO deposit 
is dissolved. Zinc was measured using the radial 2025 nm line and aluminium was 
measured using the radial 3961 nm line. These lines were selected since they have high 
intensity and do not overlap with one another. ICP-MS was performed using a 
Thermoscientific iCAP 6000 series ICP-MS Spectrometer.  
 
 
3.2.4. Atomic Force Microscopy (AFM): 
Atomic Force Microscopy is extremely useful in determining surface-probe 
interactions and surface topology for any type of material. The equipment is arranged in 
a simple set up, and consists of a tip on the end of a cantilever attached to a piezo 
electric drive, a laser, mirror and position-sensitive photo detector [195, 196].  
 
 
Fig 3.2.3. Technical diagram of the AFM [196]:  
 
Fig 3.2.3 shows how an AFM is set-up. The tip, usually made of Si3N4, is sharp 
and pyramidal in shape with a radius typically 2-10 nm [197]. The resolution obtainable 
depends of the sharpness of the tip, and can be as good as atomic scale [198]. The 
cantilever, on to which the tip is attached, is usually 100-200 µm long and the top 
surface is coated in gold [195]. A laser shines onto the top (gold surface) of the 
cantilever and is reflected to a mirror, which magnifies the signal between 750 and 1500 
times [195], then to a position-sensitive photo detector. Piezo electric drives control the 
cantilever Z-motion, and the sample x and y motion at angstrom scale. As the tip rasters 
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the sample, it may experience attraction and repulsion, causing the tip and therefore 
cantilever to move up and down in the z-axis. Motion in the x,y dimensions may also be 
experienced if there is friction. These movements are detected and translated into force 
using equation 3.2.2 below: 
 
ZCF ∆=  
Eqn 3.2.2. Measuring the AFM tip displacement force [197]. 
F=Net force. C=Known cantilever force constant. ∆Z=Displacement. 
 
 In constant force mode, the z-axis tip height is changed according to any force 
that displaces the cantilever from its equilibrium position, so that equilibrium may be 
always maintained. This results in a measurement of the surface topography. For the 
purpose of these measurements, a PicoScan molecular imaging AFM was used in 
constant force mode to map out surface topography of the electrodes before and after 
deposition. 
 
 113 
3.3. Crystal structure and growth: 
3.3.1. X-ray Diffraction (XRD): 
X-ray diffraction is a very powerful and useful technique in determining the 
structure of a crystal [199]. X-rays are generated by applying a voltage of 40 kV between 
a tungsten coil and a copper sheet [200]. This causes electrons to be emitted from the W 
coil and accelerated towards the Cu sheet with an incident angle of 45 o. Once the high 
energy electrons hit the sheet, they cause excitation of the Cu atoms, which in turn emit 
X-rays towards the sample [200, 137]. Two main wavelengths of X-ray are emitted from 
the Cu owing to Cukα and Cukβ, in addition to lower intensity white X-rays. The white X-
rays and Cukβ signal are removed from the incident beam with a nickel monochromator 
before it reaches the sample [200].  
 
Diffraction occurs when electromagnetic radiation of wavelength X encounters a 
set of periodically ordered objects spaced by distance X [137], as demonstrated in fig 
3.3.1 [201]. Diffracted beams which reinfornce one another are coherent and in-phase, 
resulting in constructive interference [137]. Diffracted beams which do not reinforce one 
another are out of phase and destructively interfere. Overall, constructive and destructive 
interference of diffracted beams results in a diffraction pattern [137].  
 
 
Fig 3.3.1. Diffraction of X-rays in a crystal. 
 
In order for a diffraction peak to be observed, the Bragg condition must be 
satisfied according to Braggs law, in equation 3.3.1. Each peak in the diffraction pattern 
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is called a Bragg peak. Its diffraction angle can be determined using the Bragg equation 
shown in equation 3.3.1 [137]. 
 
nhkldn θλ sin2=  
Eqn 3.3.1. Braggs law of diffraction [199]. n=order of diffraction. λ=Wavelength/nm.  
dhkl=Lattice layer spacing/nm. θ=Angle of diffraction from normal/o. 
 
Once the Cukα X-rays reach the sample and diffraction occurs, the diffraction 
angle and intensity are recorded by a counter detector. The X-ray wavelength, and 
therefore energy, is fixed at 1.542 Å. The incident angle of irradiation is swept from 15 to 
65 o and the detector swept in-sync at an angle equivalent to 2θ around the ‘Ewald 
sphere’ using a goniometer. According to studies [21, 8, 9, 25, 2, 22, 94, 13, 93, 9, 202, 
26] discussed in section 2.5.2, the crystals of ZnO deposits are highly orientated. 
Therefore, the sample must also be rotated in the axis parallel to the irradiation angle of 
incidence normal (z-axis) during irradiation, to detect all possible diffraction peaks. The 
angle range 15-65 o was chosen since this is the range in which the characteristic 
diffraction peaks of possible deposits will lie, such as ZnO, Zn(OH)2, Al2O3, Al(OH)3, 
enabling their identification. 
 
 The resulting diffraction pattern shows a distribution of peaks with varying relative 
intensities and FWHM as a function of angle, 2θ o. Each of the peaks corresponds to a 
specific crystal orientation, and together may be used to identify the materials under 
examination. By studying the diffraction patterns, material identification, the relative 
quantity of material, crystal orientations and texture, crystallite sizes and their relative 
ratios, system strain and lattice parameters may be obtained. Equation 3.3.2 is the 
Scherrer equation, and is used to calculate the sizes of crystals in specific orientations 
by obtaining the FWHM (full width at half maximum) peak information. 
 
θβ
λ
cos
kD =  
Eqn 3.3.2. The Scherrer equation [203]. 
D=average crystallite size/Å. K=Scherrer constant. β=Peak width (FWHM)c.  
λ=x-ray wavelength/A. Θ=Angle of diffraction peak in question c. 
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 The Scherrer equation has some drawbacks. It is based on the assumption that 
the entire peak signal is generated by the crystal, and that the crystal has no defects. 
Several factors may cause broadening of the peak. These include instrumental effects 
and internal crystal strain from defects and impurities (dopants) [203]. Although 
instrumental effects have been minimised, a potentially large factor is strain within the 
crystal. Equation 3.3.3 shows the contribution that system strain has on the width of 
diffraction peaks. 
 
θεβ tan4=strain  
Eqn 3.3.3. The contribution of internal system strain on diffraction peak width [203]. 
β=Peak with caused by strainc. ε=Strain (no units). Θ=Angle of diffraction peak in question c. 
 
Overall, peak width (FWHM) can be summarised by equation 3.3.4. It states that 
the FWHM measured in the spectrum is the sum of the pure, unstrained crystal size and 
all other effects which may cause broadening, in this case strain. This equation comes 
from considering the diffraction peak as a Lorentzian curve, which may be constructed 
by linearly adding together smaller Lorentzian curves [203]. 
 
)()()( strainrealmeasured βββ +=  
Eqn 3.3.4. Effect of strain on diffraction peak broadening [203]. 
 
 Williamson-Hall plots may be made according to equation 3.3.5 to extract the 
initially unknown effect of strain from the observable data. 
 
θελθβ sin4cos +=
D
 
Eqn 3.3.5. Williamson-Hall plot [203]. 
 
 The peak position also provides crystallographic information. The position is 
directly linked to the inter-planar dhkl-spacing within the crystal, as shown by Bragg’s law 
in equation 3.3.1 and illustrated in fig 3.3.1. A positive shift in peak position therefore 
indicates compressive strain within the crystal plane and negative shift indicates 
expansive strain within the crystal plane. This can be as a result of crystal defects and/or 
impurities.  
 
 116 
The dhkl-spacing is related to lattice parameters in hexagonal crystals and cubic 
crystals according to equations 3.3.6 and 3.3.9 respectively [137, 17]. By inserting the 
Bragg equation 3.3.1 into equations 3.3.6 and 3.3.9, equations 3.3.7, 3.3.8 and 3.3.10 
can be derived to obtain the lattice parameters directly from the diffraction angle for 
hexagonal and cubic system respectively. Since the ZnO (0001) face is perpendicular to 
the c-axis, one must assume based on the hexagonal ZnO crystal lattice and faces 
shown in figures 2.5.6 and 2.5.7 respectively, only the Bragg peak position for (0001) 
can be used to obtain the c-lattice parameter from equation 3.3.8 and only the {10 1 0} 
peak can be used to obtain the a,b-lattice parameter from equation 3.3.7. 
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Eqn 3.3.6. The relationship between d-spacing and lattice parameters in a hexagonal crystal. 
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Eqn 3.3.7. and 3.3.8. The relationship between hexagonal lattice parameters and diffraction angle. 
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Eqn 3.3.9. The relationship between d-spacing and lattice parameters in a cubic crystal. 
Eqn 3.3.10. The relationship between cubic lattice parameters, a, b, c, and diffraction angle. 
 
The relative peak integrated area can give information about the relative 
quantities of materials. Consider for example the case of ZnO and Al2O3 co-deposits: the 
relative quantities can be measured for each sample by observing a ratio of the 
integrated peaks areas for each material, however their absolute quantities cannot be 
verified by XRD. In the case of multiple ZnO Bragg diffraction peaks, the measurement 
of relative peak areas means that the degree of crystal texture can be observed.  
 
For experiments, measurements were carried out using an X’Pert PRO 
PANalytical series Automated Diffractometer using CuKα radiation at 40 KV / 40 mA, 
with a secondary graphite crystal monochromator. Angles were scanned between 15 
and 65 o at 0.21 o/s in continuous scan mode, constant area and rotation in the z-axis. 
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Detection was performed using a real time multiple strip (RTMS) X’Celerator radiation 
counter. 
 
 
3.3.2. Synchrotron radiation: 
 Synchrotron radiation is electromagnetic radiation emitted when charged 
particles travel in curved paths [204]. Synchrotron radiation was first observed at the 
General Electric synchrotron, USA, in 1947 but its use was not realised until the 1960s 
[205]. It has several special properties including; High intensity beam, broad spectral 
(energy) range, collimation, polarisation, pulsed-time structure, partial coherence, high 
vacuum environment [204]. This makes synchrotron radiation very useful and 
advantageous for performing experiments as it can overcome the practical constraints 
placed by X-ray production using filament tubes.  
 
In a high vacuum, electrons are linearly accelerated through a storage ring using 
dipole magnets. In between these magnets are magnets called ‘wigglers’ and 
‘undulators’ [204] which cause the electron beam to wiggle from side to side. This 
increases the intensity by up to 1017 times that of the X-rays produced by the traditional 
tube filament [16], and increases the spectral energy range to one which ranges from the 
Infrared to hard X-rays [16]. These electrons are forced to change direction periodically 
to continue moving overall in a ‘ring’ shape. When this happens, the electrons lose 
energy in the form of radiation. It is this radiation which is used to perform the vast array 
of experiments available. In this project, experiments that were performed using 
synchrotron radiation include in-situ GIXS and EXAFS. These will be described in 
sections 3.3.3 and 3.3.4 respectively. 
 
 
3.3.3. In-situ Grazing Incidence X-ray Scattering (GIXS): 
 Measurement of the relative integrated peak areas of Bragg peaks in an XRD 
spectrum gives information about the relative texture and orientation but also the relative 
quantity of material. One can perform in-situ XRD and use this information to observe 
the relative rate of ZnO deposition during electrochemical deposition. This however 
presents several problems. Firstly, using the goniometer set-up described in section 
3.3.1 takes ~15 minutes to record 1 spectrum. This means that only a small handful of 
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spectra can be acquired in the time period over which deposition occurs. Secondly, it 
means that the start of the spectrum could be irrelevant to the end of the spectrum since 
it can be assumed that the ZnO is growing on the substrate continuously during the time 
it takes to collect 1 spectrum. Thirdly, the relatively low intensity of incident x-rays used 
for XRD would mean that small quantities of ZnO at the very start of deposition would be 
undetectable. Fourthly, a variable angle of incidence and detection would make an in-
situ experiment logistically difficult and time consuming. A high intensity beam at a 
grazing angle of incidence would remove logistical problems, enhance the intensity of 
diffraction from surface deposits, and minimise the incident and diffracted x-ray 
interaction with the solution, and enable the diffracted radiation to escape without 
interference from the cell walls using the set-up described below [16]. Therefore, it is 
necessary to perform in-situ XRD with a very high intensity beam, at a grazing angle of 
incidence using a detector which can simultaneously detect the entire 2D diffraction 
spectrum. This is achieved with in-situ GIXS experiments, which have been performed at 
the Stanford Synchrotron Radiation Light-source (SSRL), California, on beam line 11-3. 
These practical experiments were performed on my behalf by Dr B.Illy of the department 
of Materials, Imperial College London. Fig 3.3.2 shows a diagram of the experimental 
set-up. This experiment follows that described by Illy et al. [16] and Ingham et al. [91]. 
 
 
Fig 3.3.2. GIXS experimental set-up [16]. 
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Electrochemical deposition took place in a custom made cell with special 
windows 2 mm apart for X-rays to enter and exit [16]. Between the two windows was the 
working electrode and deposition solution. The working electrode was a small quartz rod 
coated in 100 nm sputtered Au (111). The counter electrode was a Pt wire and the 
reference electrode was Ag/AgCl in saturated KCl. The beam size was 0.15 mm X 0.05 
mm in the horizontal and vertical respectively with a wavelength of 0.9736 Å fixed at 0.5 
o
 angle of incidence. The sample was irradiated for 5-20 s depending on peak intensity 
(longer irradiation times produce larger peaks). The spectra were recorded every 4 
minutes using a MAR345 image plate. The temperature was maintained at 65 oC ±2 oC 
using calibrated OMEGALUX CS series heating cartridges. The diffraction spectra were 
recorded in Q space and were converted to d-spacing using equation 3.3.11.  
 
Qd
pi2
=  
Eqn 3.3.11. Equation converting Q space to d-spacing. 
d=lattice inter-planar spacing/Å. Q=Inverse space vector/Å-1. 
 
The ZnO (101) peak was used to determine the rate of ZnO deposition rather 
than the (002) or {100} since given the structure of wurtzite ZnO, shown in figs 2.5.6 and 
2.5.7, the ZnO (101) peak will provide both in-plane and out-of-plane information. [91]. It 
is also a low order peak therefore diffracts at an angle that will be able to pass through 
the cell window without being blocked [91]. All other analysis was carried out as for XRD 
described in section 3.3.1. 
 
 
3.3.4. Extended X-ray Absorption Fine Spectroscopy (EXAFS): 
 X-ray absorption measurements were first performed at the Stanford Synchrotron 
radiation Laboratory in 1974 [206] and marked a significant point in the development of 
new X-ray spectroscopic techniques. Subsequently, useful techniques such as EXAFS 
and XANES have been developed. In this project, EXAFS scans were carried out at the 
European Synchrotron Radiation Facility (ESRF), Grenoble, France, using the DUBBLE 
(Dutch Belgian Beam Line) 26A beamline. X-ray energy was tuned to a small range 
incorporating the zinc Kβ1-edge (9.572 keV) using a scan range of 9.41-10.51 keV in 
0.05 Å-1 steps with a 1000 ms count time. Detection was performed in Fluorescence 
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mode using an Oxford instruments 9-element monolithic Ge detector with a maximum 
count rate per element of 150 kHz. Fluorescence mode was chosen since this is more 
sensitive to small quantities of material than transmission mode. Fig 3.3.3 below shows 
an example of a pattern produced using this method. There are 3 regions of importance, 
each of which gives different but complimentary information. These are; the pre-edge 
region, the XANES region and the EXAFS region. The pre-edge region lies from the start 
of the scan to the point at which EXAFS begins. The EXAFS region covers the part of 
the scan where interference patterns occur. The XANES region is considered to lie 
between the point at which absorption occurs up to ~50 eV above the edge [206]. 
 
 
Fig 3.3.3. Example of AN EXAFS scan, illustrating the important specific regions. 
 
EXAFS and XANES data are complimentary both to each other and to that which 
can be obtained using XRD. EXAFS provides information about the elements present 
and their arrangement in the region of the pre-selected X-ray absorbing atom. These 
data are complimentary to XRD because [206]: 1. Long range order is not necessary; 
hence it proves information about the local structure. XRD scans are reliant on the 
samples being crystalline. This means EXAFS can also detect confined impurities and 
defects. 2. It can determine the atomic arrangement around pre-chosen elements with 
greater resolution than other methods. However this is restricted to short range order 
particularly if there is a lot of disorder, so XRD is still required to gain a full insight. 3. 
Detailed structural information can be directly calculated from the scan data, based on a 
model determined from XRD measurements. 4. Performing EXAFS is easy and fast.  
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XANES data are used to determine the position of the edge. In other words, the 
energy at which the targeted atom type begins to absorb X-rays. This is significant 
because the position of the edge is dependent on the oxidation state of the X-ray 
absorbing atom [206]. Determination of the oxidation state helps us to understand the 
electronic structure and bonding [206]. It is possible that in some cases, the atom type of 
interest may have more than one oxidation state present due to different types of 
interactions and bonding with the surrounding atoms. Each oxidation state will generate 
its own edge position and EXAFS pattern, where the relative absorption intensities 
indicate the relative quantities of the two states. Therefore, information from XANES and 
EXAFS allows one to determine the local atomic, electronic and bonding structure 
around specific types of atoms in the sample regardless of long range order simply by 
tuning the incident X-ray energy. Given that zinc only has two possible oxidation states; 
0 and +2, and no pre-edge regions have been observed (owing to the 0 state), only the 
EXAFS region has been examined. 
 
 In order to perform the EXAFS scan, the incident energy of X-rays is swept 
through a pre-defined range from low to high energy. The absorption edge occurs when 
an incident X-ray has enough energy to free a bound electron from the atom [206], in 
this case a Kβ1 core electron from zinc, resulting in a hole in the atom core. This emitted 
electron, considered as a wave, will be scattered by the surrounding atoms which may 
also be emitting electrons if they are also absorbing X-rays [206]. The recorded intensity 
is therefore a superposition of the emitted wave intensity, and its interactions with the 
scattering atoms and other emitted waves. As the energy of incident X-rays increases, 
the energy of the emitted electrons increases and hence wavelength decreases, 
therefore altering the superposition wave intensity. This interaction measurement 
(EXAFS scan) enables one to build up an idea of the inter-atomic distances and 
quantities of elements at different positions (coodination numbers).  
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Atomic Neighbours Distance (Å) Notes 
Zn-O 1.98 Bonding 
Zn-Zn ~3.22 Nearest neighbours 
Zn-O 3.80 Non bonding 
Zn-O 4.99 Non bonding 
Zn-Zn 5.20  
Zn-Zn 5.60  
 
Table 3.3.1. Inter-atomic distances in wurtzite ZnO based on XRD data [207] [208]. 
 
Analysis of the obtaind EXAFS pattern has been achieved by building a 
theoretical model based on known XRD data, shown in table 3.3.1, and applying it to a 
Fourier Transform of the EXAFS scan. This was done using software called DLV 
EXcurv98. Fig 3.3.4 below shows an example of this fitting compared to the real data. 
The dotted line is the theoretical fit. The solid line is the real data. a) shows the EXAFS 
region in k3 space. In this case the energy and hence wavelength of incident radiation 
has been converted into reciprocal space (k-space) using the k-space wavevector. k has 
been cubed to enhance changes in intensity, therefore improving data fitting accuracy. 
b) shows the deconvoluted Fourier Transform (FT) of the EXAFS region, where r is the 
reciprocal of k. In this case each peak is representative of a shell of atoms at distance 
r/Å surrounding the central excited zinc atom.  
 
 
Fig 3.3.4. Fitting a theoretical line to the EXAFS data. Dotted line=theory. Solid line=Real.  
a.) The EXAFS region in k3 space. b.) FT of K3 space EXAFS showing r distances from central excited atom/Å. 
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3.3.5. Transmission Electron Microscopy (TEM): 
TEM enables images of sample cross-sections to be magnified up to 500,000 
times [209], providing high resolution real space imaging of electron density distribution 
within the sample [196] . This enables the structure of the sample to be determined, and 
also enables the observation of defects and impurities, such as dislocations, stacking 
faults, phase boundaries, precipitates and defect clusters. It operates in a similar way as 
SEM, described in section 3.2.1. However, the energy of incident electrons is typically 
60-300 keV [210]. This is ~3-20 times larger than the energy required for SEM. Due to 
the larger incident electron energy, this results in smaller electron wavelengths [209], 
giving TEM a much higher resolution than SEM, being 0.2-0.5 nm [210].  
 
The electron beam is accelerated to a small area on the sample surface whilst 
passing through a series of electromagnetic lenses that magnify and focus. The same 
modes of signal as with SEM are generated [210], thus allowing for analysis such as 
morphological imaging and EDX. This signal scattering, as for SEM, is highly localised 
so the signals must be detected very close to the sample [210]. The most important 
signal though is that of electrons transmitted directly through the entire sample [210]. 
After exiting the sample, the transmitted primary electron beam is magnified by more 
electromagnetic lenses, and directed onto a fluorescent screen where it can either form 
a bright field image of the electron density distribution, shown in fig 3.3.5.a.) or an 
electron diffraction pattern [210, 196], shown in fig 3.3.5.b.). Depending on the thickness 
of the sample and mass of the elements, the amount of electron beam transmitted to the 
other side of the sample changes. There is an exponential decrease in transmitted signal 
intensity as the sample thickens, or atoms become heavier [210]. This has useful 
implications for the type of data that can be obtained from observing the resulting 
images or diffraction patterns.  
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Fig 3.3.5. A schematic of a TEM beam once transmitted through the sample [211].  
a.) Production of a bright field image. b.) Production of an electron diffraction pattern. 
 
The sample must be a very thin foil of depth 5 nm - 0.5 µm mounted on a special 
microscopic grid [210]. It must also have special preparations if it is soft, fragile or an 
insulator. This means that although sample preparation, image formation and analysis 
complex, it is however counterbalanced by the advantages of the high resolution.  
 
 In this project, slices of sample cross-sections were prepared using Focused Ion 
Beam (FIB) milling, described in section 3.3.6, with assistance from Dr F. Tariq of the 
department of Materials, Imperial College London. A JEOL 2010 TEM has been used to 
view the thin cross-section slices and record electron diffraction patterns from the 
deposit. A JEOL JEM-2000FXII EM has been used to observe the thin cross-sections 
and record and map EDX data concerning Au, Zn, O and Al stoichiometric elemental 
ratios from the deposit-substrate interface through to the top of the deposit. TEM 
experiments were performed with assistance from Dr M. Ardakani of the department of 
Materials, Imperial College London. 
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3.3.6. Focused Ion Beam (FIB): 
 Focused Ion Beam (FIB) was used on samples in order to cut out a very thin 
cross-section from ZnO deposits on the substrate for analysis in the TEM [212]. The ion 
beam is made of Ga+ ions, accelerated towards the sample in the same way as for 
electrons in the SEM, described in section 3.2.1. These ions are much heavier than 
electrons and so cause material to be ‘knocked’ from the surface. This enables sections 
to be cut out. The region chosen for cross-section was randomly selected, then the top 
of the sample was coated in Pt(0) using a Pt source gun to protect the region of interest 
in the sample from being damaged by the Ga+ beam during cutting. The Pt layer was 2 
µm deep, 29 µm long and 2.5 µm wide. An area 12 µm wide, 10 µm long and 6 µm deep 
was cut out on either side of the Pt coated area, deep enough to cut through the ZnO 
deposit and into the substrate. This leaves a vertical sample slice in the centre. The 
sample was then thinned slice by slice until it was < 100 nm thick. The bore areas on 
either side allowed the cut material to fall off the sample rather than re-deposit. Once the 
sample slice was thin enough, the sample was tilted and the bottom and sides were cut 
free. The sample was removed using a statically charged fine glass tip. 
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3.4. Electrical characteristics and device construction: 
3.4.1. Ultraviolet-Visible spectroscopy (UV-Vis): 
The absorption of UV and visible radiation causes electronic transitions into 
excited states, which enables electronic structure information to be obtained about the 
material. In UV-Vis spectroscopy, the sample is constantly irradiated with light. The 
radiation wavelength sweeps through the UV and visible spectrum range using a 
monochromator. Changes in the amount of light being transmitted through the sample to 
the detector due to sample absorbance are measured in comparison to a reference. The 
reference used was the sample substrate and air for solids or the cuvette, solvent and air 
for solutions.  
 
In this work a single beam Bentham UV-Vis spectrometer has been used in the 
range 1100-200 nm in 1 nm steps to obtain the UV-Vis absorbance spectra of solid ZnO 
deposits and thus calculate the Band gap, Eg. A dual-beam Perkin-Elmer lamda 25 UV-
Vis spectrometer has been used in the range 1100-200 nm in 1 nm steps to obtain the 
UV-Vis absorbance spectra of photovoltaic materials in solution and thus their extinction 
coefficients and concentrations. 
 
Absorption occurs at wavelengths corresponding to the energy required for an 
allowed electronic transition to occur within the irradiated material, resulting in a 
reduction in the intensity of transmitted light. Equation 3.4.1 shows the Beer-Lambert 
law, which relates absorption intensity to the samples extinction coefficient [213]. The 
value of the extinction coefficient is directly related to the type of electronic transition 
occurring upon excitation [214], as shown in table 3.4.1.  
 
Cl
I
IA ε=−=
0
10log   
Eqn 3.4.1. Beer-Lambert law [213]. 
 I=Intensity of emergent light. Io=Intensity of incident light. Ε=Extinction coefficient/dm3M-1 cm-1. 
C=concentration/Mdm-3. L=Path length through sample/ cm. 
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Selection rules Extinction coefficient, ε/ dm3mol-1 cm-1 
Spin forbidden, d-d transition <1 
Laporte forbidden 
Spin allowed, d-d transition 
1-10 (Centro symmetric, Oh) 
10-1000 (Non-centrosymmetric, Td) 
Charge transfer (fully allowed) 1000-50000 
 
Table 3.4.1. Effect of Laporte and Spin selection rules on extinction coefficient [214]. 
 
Possible electronic transitions are limited by spin and Laporte selection rules, 
which state that for an electronic transition to occur, the electron spin must not change 
and orbital symmetry must change parity, respectively [186]. This means that allowed 
transitions can only occur between singlet-singlet, or triplet-triplet, or symmetrically 
opposite orbitals such as g→u or u→g [186]. Fully allowed transitions, illustrated in fig 
3.4.1, have very intense absorption peaks, with large corresponding extinction 
coefficients. Forbidden transitions may occur if vibronic coupling occurs, distorting the 
orbital symmetry and spin state [186]. Forbidden transitions have much less intense 
absorption peaks and extinction coefficients.  
 
 
Fig 3.4.1. Allowed electronic transitions [213]. 
 
By looking at the wavelength at which transmission becomes 0, one may also 
determine the size of the semiconductor materials valence-conduction optical band gap, 
Eg. The relationship between absorbed radiation energy and band gap energy can be 
calculated from a UV-Vis absorption or transmission spectrum using the following 
derivation [9]: 
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Convert absorbance into transmission: 
AT −= 10       
Eqn 3.4.2. Converting UV-Vis absorbance into transmission. 
 T=Transmission. A=Absorption. 
 
Tauc’s relation gives the absorption coefficient relationship to Eg [60]: 
 
2/1)()( gEhAh −= ννα  Where: d
T )ln(−
=α  
Eqn 3.4.3. Tauc’s relation.  
Eqn 3.4.4. Absorption coefficient.  
α=absorption coefficient (cm-1). h=Planks constant (Js). v=Wavenumber of radiation (s-1). A=a constant. Eg=Band 
gap (eV), T=Transmission. d=sample thickness (cm). 
 
Substituting equation 3.4.4 into equation 3.4.3 and rearranging to fit a straight 
line where transmission rapidly falls to 0: 
 
gEAdhAdhT
22222))ln(( −=⋅− νν     
Eqn 3.4.5. Tauc’s relation and the absorption coefficient as a straight line. 
h=Planks constant (Js). v=Wavenumber of radiation (s-1). A=a constant. Eg=Band gap (eV), 
T=Transmission. d=sample thickness (cm). 
 
Let y=0:  
gEh =ν      
Eqn 3.4.6. The band gap value. 
 h=Planks constant (Js). v=Wavenumber of radiation (s-1). Eg=Band gap (eV). 
 
It can thus be shown that the relationship between absorbed radiation energy 
and band gap energy is derived as being hν=Eg when y becomes 0. 
 
 When examining the optical band gap of ZnO deposits on ITO and the single 
crystal pure ZnO reference, the measurements may be performed in transmission mode 
owing to the transparency of the ITO substrate. However, when examining the optical 
band gap of deposits on Au, the measurements must be done in reflectance mode owing 
to the opaque nature of the Au substrate. Owing to technical constraints for the 
reflectance mode case, the detector was fixed at an orthogonal position to the detector 
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with a 45 o angle of incidence and reflected signals were treated as transmission 
spectra. It was not possible to correct this signal for background absorbance owing to 
changes in background signal intensity depending on whether or not the deposit was 
present, and the sample thickness. In both cases, once the transmission spectra have 
been obtained, the above derivation may be applied to calculate the optical band-gap, 
Eg. In the case of deposits on Au, it is anticipated that there will be a shift in Eg values 
from the expected position depending on the background intensity.  
 
 
3.4.2. (Organic) Molecular Beam Deposition (OMBD): 
 OMBD is a highly controlled UHV process [215] which allows molecules and 
atoms to be grown on a substrate surface with good control over the growth rate and 
thickness [216]. Solid organic materials or metals such as Al are placed inside a crucible 
and the system placed under UHV. The crucibles are heated when the material in them 
is required for deposition using resistive heating by means of altering the current [216]. 
When the crucible is hot enough the material will evaporate and form a molecular beam 
[216]. Room temperature substrates are placed in the path of the molecular beam so 
that uniform, highly ordered deposition occurs across the surface [186, 216]. QCMBs 
(Quartz Crystal Micro Balances) are used to monitor the rate of evaporation and 
deposition and therefore are used to control the crucible heating accordingly [216].  
 
 In this project a Kurt J Lesker spectros system has been used deposit thin layers 
of CuPc (20 Å), WO3 (10 nm) and Al (100 nm) on top of the ZnO nanostructures. Before 
this deposition, in some cases the ZnO nanostructures have been previously infiltrated 
with solid organic light absorbing materials using solution processing methods in order 
build completed devices for photovoltaic applications. A 20 Å layer of CuPc was 
deposited on some devices at 0.2 Ås-1. A 10 nm layer of WO3 was deposited on some 
devices at 1 Ås-1, and a 100 nm thin layer of aluminium was deposited at 1 Ås-1 on all 
devices. A deposition rate of 1 Ås-1 is believed to result in epitaxial growth and hence 
high quality crystals [216] whilst minimising deposition time. WO3 layers covered the 
entire sample surface but Al was deposited through a mask in three separate 1.6X10 
mm strips so as to effectively split each sample into three separate devices for testing. 
WO3 (and Al in the same device) has been deposited to complete PV device 
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construction on my behalf by Prof. T. Jones’ group at the department of Chemistry, 
Warwick University.  
 
 
3.4.3. Solar Simulator: 
 A Newport solar simulator has been used to test the performance and 
characteristics of the completed photovoltaic devices. The simulator was calibrated using 
a Newport 818P-020-12 series Si photo-detector. Illumination was performed with the 
intensity of 1 sun, equivalent to 100 mWcm-2, fitted with an AM 1.5 filter in order to create 
the spectral range and intensities similar to that reaching the earth’s surface from the 
sun. Current-voltage curves were measured in the dark and under illumination by 
sweeping from -1 V to +1 V and measuring the current. Fig 3.4.2 below illustrates a 
typical current-voltage curve (IV curve) and how device performance related data can be 
determined [157]. 
 
 
Fig 3.4.2. Significant characteristic device properties found on the IV curves [157]. 
 
Iph is the photocurrent generated by excition diffusion and electron hole 
separation and collection by the electrodes, and causes a shift in the curve [157]. 
Recombination process can reduce this value [217]. Any dark current is generated by 
thermal excitation. The short circuit current (ISC) is determined under illumination when 
V=0. The open circuit voltage (VOC) is determined under illumination when I=0. Fig 3.4.2 
shows a pink rectangle under the area of the illuminated IV curve. The shape of the 
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rectangle should be adjusted so as to maximise the area [157]. The corresponding 
lengths of the rectangle are maximum voltage output (Vmp) and maximum current output 
(Imp), which are used to determine maximum power output, Pmax, using equation 3.4.7 
[157]. 
 
mpmpVIP =max  
Eqn 3.4.7. Maximum power output [157]. 
Maximum power output, Pmax/W. ISC=Short circuit current/A, VOC=Open circuit voltage/V. 
 
rad
OCSC
rad P
VI
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P
P
⋅==
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maxη  
Eqn 3.4.8. Maximum power conversion efficiency [157]. 
 
OCSC
mpmp
VI
VI
FF =  
Eqn 3.4.9. The fill-factor [157]. 
 
 It then follows that the maximum power conversion efficiency can be calculated 
according to equation 3.4.8 where the fill-factor is calculated with equation 3.4.9. The fill-
factor measures the ‘squareness’ of the IV curve [217], shown in fig 3.4.2 as the red 
rectangle, and is significant in how close the maximum power output is to the theoretical 
maximum obtained by multiplying VOC and ISC. A fill-factor of 1 is therefore the best that a 
specific device can possibly perform, where ideally VOC and ISC are as large as possible. 
 
All PV devices were tested using this method to determine their performace. 
Devices containing P3HT, PCBM and WO3 were tested on my behalf by Prof. T. Jones’ 
group at the department of Chemistry, Warwick University. 
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4.0. Results and discussion 
 
4.1. Influence of deposition potential and substrate 
 In this section the influence of deposition potential and substrate will be 
examined. Electrochemical reactions and redox potentials will be observed to establish a 
deposition potential window. Within this window, select potentials will then be used 
during deposition. Electrochemical reactions, morphology, crystal structure and chemical 
composition will be observed and related so as to try to understand the changes that 
different deposition potentials bring about. In each deposition in this section, the 
constants are; 5 mM Zn(NO3)2 with 0.1 M KCl in O2 saturated DI water at 65 oC. These 
parameters have been selected since they should result in the formation of ZnO 
nanorods [91, 19, 16, 25, 84, 21]. Deposition on both ITO and Au will be performed and 
the results contrasted. 
 
 
4.1.1. Determining the potential window 
 The potentiostatic electrochemical deposition of ZnO can occur at any potential 
between those leading to OH- production and the reduction of Zn2+ to metallic zinc, as 
discussed in section 2.2.1. Since it is necessary to perform deposition under non-
standard conditions (65 oC) and with varying Zn2+ concentration, the potential at which 
these reactions occur must be determined. This is done by performing cyclic 
voltammetry. Cyclic voltammograms were produced by measuring the current generated 
whilst sweeping the applied cathodic potential between 0 and -2500 mV vs. Ag/AgCl in 1 
cycle at 10 mVs-1. The electrochemical deposition solution typically consists of KCl, 
Zn(NO3)2 and dopant precursor Al(NO3)3 in O2-saturated deionised H2O. To establish 
which reaction is taking place, the solution is broken down into its constituent parts. Fig 
4.1.1 shows the key cyclic voltammograms for reactions using an Au substrate (working 
electrode). Fig 4.1.2 shows the key cyclic voltammograms for reactions using an ITO 
substrate (working electrode). Table 4.1.1 shows a summary of the reaction potentials 
determined from these cyclic voltammograms when different substrates are used and 
the impact that the presence of Al(NO3)3 has on these potentials. 
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Fig 4.1.1. Key cyclic voltammograms recorded when using an Au substrate.  
CV settings: 1 cycle, Scan range = 0 to -2500 mV, Scan rate = 10 mVs-1-.  
Electrode surface areas normalised to 1 cm2.  
 
 
Fig 4.1.2. Key cyclic voltammograms recorded when using an ITO substrate.  
CV settings: 1 cycle, Scan range = 0 to -2500 mV, Scan rate = 10 mVs-1-.  
Electrode surface areas normalised to 1 cm2. 
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No Al(NO3)3 present Al(NO3)3 present Reaction 
Au / mV ITO / mV ITO / mV 
O2 reduction -20 -200 -200 
NO3- reduction -400 -600 -400 
H2O reduction -1050 -1300 -1300 
Zn2+ reduction -800 -1100 -1100 
Zn oxidation -1000 - - 
 
Table 4.1.1. A summary of the approximate reaction potentials at 65 oC ±2 oC (vs. Ag/AgCl reference electrode) 
when different substrates are used, and the influence of Al(NO3)3. 
 
 One can see from table 4.1.1 that as the applied potential becomes more 
negative, reduction of species in solution occurs in the following order: O2 < NO3 < Zn2+ 
< H2O. This agrees with work carried out by Peulon et al. [25] Goux et al. [2] and 
Yoshida et al. [1], as discussed in sections 2.2.1 and 2.3. For the formation of ZnO to 
occur, one must keep the potential smaller than the reduction potential of Zn2+ to metallic 
zinc. This means that the reduction H2O can not occur directly. The reduction of O2 and 
NO3-, shown in reactions 2.1 and 2.2, are therefore responsible for the formation of OH- 
and hence ZnO.  
 
When an Au substrate is used as the working electrode in the presence of KCl, 
Zn2+ is reduced when the potential is more negative than -800 mV, and oxidised when 
the potential is more positive than -1000 mV. This indicates that there is a competing 
reaction between the reduction of Zn2+ to Zn and the oxidation of Zn to either Zn2+ and/or 
ZnO, when potential is in the region: -800 mV > E > -1000 mV. This oxidation reaction 
does not occur when the KCl support electrolyte is not present. This is possibly since 
reduction leading to the deposition of Zn occurs on the cathode surface and 
spontaneous (thermodynamic) oxidation relies on ionic charge transport in solution 
which is limited without KCl. 
 
When comparing results for reactions using different working electrodes, it is 
clear that more negative potentials are required to activate the reactions when an ITO 
cathode is used rather than Au. This is believed to be due to the density of energetically 
favourable nucleation sites on the surface, as described by Belghiti et al. [84], where Au 
has a higher density than ITO. This implies that Au has a lower surface activation energy 
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than ITO and should result in more deposition occurring under the same conditions than 
on ITO. 
 
 Al(NO3)3 is added to the solution in order to dope the ZnO with Al during 
deposition. Table 4.1.1 shows that it has an influence on the reduction potential of NO3- 
ions, indicating that Al(NO3)3 aids the activation of NO3- reduction. This corresponds with 
the findings of Kemell et al. [100] and can be explained as a coupled reaction between 
Al3+ and NO3- ions causing nitrate reduction to be activated faster than if Zn2+ were 
coupled with the ions.  
 
 
4.1.2. Electrochemical reactions 
 Electrochemical deposition has been performed at different potentials, ranging 
from -300 mV to -1200 mV, for 20 minutes using conditions that should result in the 
formation of undoped ZnO nanorods on both Au and ITO [91, 19, 16, 25, 84, 21]. The 
current density during deposition has been recorded for each case. By observing the 
amount of charge transferred, one can also begin to understand the rates of reactions. 
Fig 4.1.3 Illustrates the influence of deposition potential on the current density and 
charge transferred for both ITO and Au working electrodes. 
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Fig 4.1.3. Influence of applied potential (vs. Ag/AgCl) on the current generated and rate of 
charge transfer. Left: Reactions using an ITO working electrode. Right: Reactions using an 
Au working electrode. Top: Log10 current density during deposition. Bottom: Cumulative 
charge transferred during deposition. Solution contains 5 mM Zn(NO3)2 with 0.1 M KCl at 
65 oC. 
 
 For deposition on ITO, fig 4.1.3 shows that at -300 mV a small current density is 
generated. This indicates that electrochemical reactions have been activated and should 
result in the formation of OH- ions and thus ZnO. This is expected since the cyclic 
voltammetry analysis shows that O2 reduction occurs at -200 mV. The current density 
increases rapidly as the potential becomes more negative. This is also expected since 
more reduction reactions are being activated, and as the applied potential becomes 
more negative than the reduction potential (increasing overpotential), this increases the 
rate of reaction, as illustrated in the charge transfer graph. The same pattern can be 
observed for deposition on Au although the charge transferred is larger since cyclic 
voltammetry analysis shows that reduction reactions are activated at less negative 
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potentials, thus for each applied potential a far larger overpotential is present on Au than 
ITO. 
 
The shape of the current density graph also changes during the deposition. This 
change is related to the active surface area and hence nucleation and growth process, 
as described in section 2.3.5. The graph shape will be investigated in more detail in 
section 4.3. 
 
 
Fig 4.1.4. Influence of applied potential on the total charge transferred after 20 minutes for ITO and Au substrates. 
Deposition using 5 mM Zn(NO3)2 with 0.1 M KCl in O2 saturated DI H2O.  
Total charge transferred is the average obtained from 2 repeat runs. Error bars were calculated from the range in 
values obtained from these repeat runs. 
 
 Fig 4.1.4 shows the total charge transferred at different potentials using an Au or 
ITO working electrode after a 20 minute deposition. One can clearly see an increase in 
the quantity of charge transferred as the deposition potential becomes more negative. If 
one assumes that all the current generated is used in reduction reactions which result in 
the formation of OH-, this indicates that [OH-] and thus the pH in the diffusion layer will 
be higher for more negative potentials and thus the rate of deposition should also be 
faster. This should result in a larger quantity of material being deposited, and also 
possibly a change in the morphology. 
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4.1.3. Morphology 
 The morphology of deposits on Au and ITO have been observed after deposition 
for 20 mins at different potentials. Fig 4.1.5 illustrates a comparison of the deposits. 
 
   
   
Fig 4.1.5. Effect of potential (vs. Ag/AgCl) and substrate on ZnO deposition after 20mins. 
Deposition used 5 mM Zn(NO3)2 and 0.1 M KCl in O2 saturated DI water. 
Top: ZnO on ITO. Bottom: ZnO on Au. Left: -300 mV. Middle: -500 mV. Right:-700 mV. 
 
 SEM observations show that hexagonal nanorods have been deposited. As 
expected from the charge transfer analysis in fig 4.1.4, more material appears present as 
the potential becomes more negative. In the case of ZnO on Au, there is a very high 
density of vertically aligned rods which begin to coalesce at more negative potentials. In 
the case of ITO there is little or no deposition at -300 mV and -500 mV, but a substantial 
quantity of randomly orientated, non-coalesced rods when the potential is -700 mV. 
Electrochemical analysis indicated that reduction reactions resulting in OH- formation are 
activated at -200 mV when ITO is used. Therefore, there is a mismatch between the 
point at which reduction reactions begin and the point at which deposition occurs. There 
are two possible explanations for this. 1. At small potentials, not enough OH- ions are 
produced by reduction reactions to shift the pH above ~5.5 and cause ZnO precipitation. 
This is possible since the observed current density at small potentials is far lower for ITO 
than Au. 2. The work of formation of critical nuclei, discussed in section 2.6.1, whereby 
energy is required to activate nucleation and growth on a surface, is much higher on ITO 
than on Au. This explanation, described in section 2.6.1, has been used in the literature 
to explain similar phenomenon. Both cases are plausible. 
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Fig 4.1.6. Influence of deposition potential on average rod diameter. Lines are a guide to the eye to indicate trend.  
The average rod diameter has been obtained by averaging the diameter of 20 randomly selected nanorods, 
observed directly from SEM images. Errors bars illustrate the range in the diameters observed. 
 
In addition to the rod density changing, the morphology also changes. Fig 4.1.6 
shows the influence of potential on the diameters of rods grown on Au and ITO. In the 
case of Au, the average ZnO rod diameter gradually increases as potential becomes 
more negative. This corresponds with an increased rate of deposition resulting in faster 
lateral growth and eventual coalescence. The deposition can occur faster because 
reduction reactions occur faster, generating a surplus of OH- ions, thus increasing the pH 
and enhancing the rate of precipitation. The continual increase in diameter indicates that 
the rate of deposition never becomes limited at any of the examined potentials by the 
diffusion of Zn2+, NO3-, or O2 or becomes kinetically limited by OH- ion production.  
 
Morphological changes observed on ITO are very different however. From the 
point at which nucleation and growth can occur, a more negative potential results in a 
decrease in the average rod diameter. However, SEM observations in fig 4.1.5 show that 
the density of rods rapidly increases. This alludes to the idea that the occurrence of 
nucleation and growth on ITO is controlled by the surface energy and work of formation 
of critical nuclei rather than the concentration of OH-. At small potentials there are only 
few nucleation sites with rods which have large diameters since at this potential it is 
easier for ZnO to grow on the ZnO nucleation site than on ITO. As over-potential 
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becomes larger, it is easier to form more nucleation sites, therefore the density of rods 
increases, and the diameter gradually decreases towards that observed for rods on Au, 
where it is believed there is no influence from the effect of surface energy and work of 
formation of critical nuclei. 
 
 Fig 4.1.5 shows that rods grown on ITO are very poorly orientated relative to one 
another. This is in contrast to rods grown on Au, which are vertically aligned and parallel 
to one another. Since it is known that nanorods can typically grow epitaxially, as 
described in section 2.6.2, there are therefore two possible explanations for the 
differences observed in relative rod alignment and growth direction: 1. Substrate surface 
roughness. 2. Substrate surface poly-crystallinity. Fig 4.1.7 below shows an AFM scan of 
the surface topology of the ITO and Au electrodes.  
 
 
Fig 4.1.7. AFM scans of substrate surface topography. Left: Au (1µmX1µm). Right: ITO (1µmX1µm). 
 
The Au substrate surface has small spherical clusters of ~40 nm diameter and an 
RMS roughness of 49.8 nm. The ITO substrate surface has larger domains, being ~120 
nm diameter, and are much flatter. The RMS roughness is 37.2 nm. This makes the ITO 
surface smoother than that of Au. The orientation of rods must therefore be related to 
the surface crystallinity. This will be discussed in more depth in section 4.1.4. 
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4.1.4. Crystal structure 
Several methods can be employed to understand the crystal structure of ZnO. 
XRD analysis can enable one to determine what crystalline materials have been 
deposited, the crystal texture, orientation, crystallite sizes, lattice parameters and strain. 
Fig 4.1.8 shows XRD patterns of the earlier discussed deposits on Au at different 
potentials. 
 
 
Fig 4.1.8. XRD patterns of films deposited at different potentials on an Au substrate. *=Au peaks. 
Deposited from 5 mM Zn(NO3)2, 0.1 M KCl in O2 saturated DI H2O at 65oC for 20mins. 
 
 XRD analysis of the Au substrate shows that Au is cubic (ICDD reference 
number: 00-004-0784) and there are no other crystalline materials such as oxides and 
alloys present on the substrate. Cleary, the Au crystals are also very highly orientated in 
the (111) face with relatively insignificant peaks corresponding to the (200), (311) and 
(222) faces. Due to the very high intensity of the Au (111) peak, two Bragg peaks 
(satellite peaks) can be found corresponding with CuKβ and WLα. The existence of these 
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peaks is a consequence of the way in which the incident X-ray been has been 
generated. This is described in section 3.3.1. These peaks exist at 2θ=3.6 o and 1.6 o 
below the highly intense peak with an intensity of 0.27 % and 2.44 % of the high intensity 
peak respectively.  
 
XRD patterns of the ZnO deposits show that ZnO is crystalline and in a 
hexagonal (wurtzite) structure (ICDD reference number: 01-075-1526). The ZnO (002) 
face rapidly increases in intensity compared to the Au (111) peak as deposition potential 
become more negative, where peaks for other ZnO faces remain relatively tiny. 
Therefore ZnO (002) is the most favourable orientation under all the examined 
deposition potentials and becomes more favourable as the potential becomes more 
negative. In the case of -1200 mV however, there is a sudden reduction in both the 
intensity of the peaks and the dominance of the ZnO (002) peak. At this potential, one 
would expect metallic zinc to form. The XRD pattern suggests that wurtzite ZnO is still 
deposited with no crystalline Zn present, so the sudden intensity reduction could be due 
to less crystalline material present. SEM observations, shown in appendix C, illustrate 
that less material is present at this potential. 
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Fig 4.1.9. XRD patterns of films deposited at different potentials on an ITO substrate. *=ITO peaks. 
Deposited from 5 mM Zn(NO3)2, 0.1 M KCl in O2 saturated DI H2O at 65oC for 20mins. 
 
 Fig 4.1.9 shows XRD patterns of ZnO deposits on ITO at different potentials. The 
ITO substrate is clearly not well orientated, unlike the Au substrate, and has many 
crystal Bragg peaks. As for deposition on Au, only ZnO deposits are present in a 
hexagonal (wurtzite) formation. As expected from the SEM observations, shown in fig 
4.1.5, there is no ZnO deposition at -300 mV and therefore no ZnO diffraction peaks. At -
500 mV, a small amount of ZnO deposition was observed with SEM. This quantity 
increased as the potential became more negative and corresponds with the XRD 
patterns which show ZnO peaks with increasing intensity relative to the substrate as the 
potential becomes more negative. On ITO, it appears that ZnO (002) is not the most 
favourable orientation unless the potential is -900 mV or more negative. The patterns 
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also show that the quantity of ZnO deposit increases and it becomes more 
polycrystalline as potential becomes more negative. 
 
 
Fig 4.1.10. Influence of potential on the (002)/(101) crystal orientation and FWHM ratios. 
Left: ZnO on Au. Right: ZnO on ITO. 
Peak information obtained by fitting a lorentzian curve (R2 > 0.9) to the XRD Bragg peaks. 
 
 By extracting the diffraction peak areas, the relative quantities of each crystal 
orientation can be calculated. By extracting the peak FWHM, the crystallite sizes may be 
determined. Quantitative analysis into the relative crystal orientation and crystallite sizes 
of nanorods at different potentials on Au and ITO is shown in fig 4.1.10. For ZnO on Au, 
one can see that the nanorod orientation is always more likely to be (002) than (101), the 
second most common orientation. The strongest relative (002) orientation occurs at -700 
mV, having ~68 times more ZnO (002) than (101). Analysis of the FWHM (Full Width 
Half Maximum) ratio shows that the relative crystallite sizes do not change and therefore 
are not affected by potential or relative quantities of crystallites. This same crystallite size 
pattern is shown for ZnO on ITO. However, the relative crystal orientation is much lower 
than on Au, where the maximum ratio found at -1200 mV has ~3.5 times more ZnO 
(002) than (101). The reduced orientation found in ZnO nanorods on ITO was reflected 
in the SEM images, shown in fig 4.1.5, which showed relatively randomly aligned rods. 
This could be related to the textured crystallinity of the ITO surface, as mentioned at the 
end of section 4.1.3. This idea will be discussed later in this section. 
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Fig 4.1.11. Influence of potential and substrate on ZnO lattice parameters. 
ZnO c-lattice parameters calculated from the corresponding ZnO (002) Bragg peak position. ZnO a-lattice 
parameters calculated from its geometric relation to the c-lattice parameter owing to a lack of the ZnO (100) peak 
at some potentials.  
Lines illustrate (linear) line of best fit. XRD scans performed with a step size of 0.04 o, resulting in an error of 0.13 
% in the Bragg peak diffraction angle. 
 
 The lattice parameters of ZnO deposited at different potentials on Au and ITO 
have been illustrated in fig 4.1.11. The c-lattice parameter has been extracted from the 
ZnO (002) Bragg peak position, and the a-lattice parameter calculated from the unit cell 
lattice parameter geometric relationship. Cleary, changes in the deposition potential 
have little or no influence on the a and c lattice parameters of ZnO crystals deposited on 
Au or ITO. In each case, the a and c lattice parameters are also similar to the expected 
values in pure ZnO, (shown for comparison at 0 mV on the graph). This means that there 
is no change in strain in the crystals which could occur as a result of changing nanorod 
dimensions, or metallic Zn mixing with ZnO either interstitially or substitutionally, 
particularly at potentials where reduction of Zn2+ is expected to happen, or from the 
presence of any other impurities.  
 
 Texture analysis has been performed in order to establish which ZnO crystal face 
detected in XRD is parallel to the substrate surface and which ZnO crystal face 
corresponds with which face on the hexagonal prism nanorod itself. This is important 
since SEM images show a substrate dependence on the relative rod alignment, where 
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rods on Au are vertically well aligned and rods on ITO and randomly aligned. This could 
be linked with the crystallinity of the substrate surface since the growth of crystalline ZnO 
is highly orientated and could be epitaxial, and XRD patterns show that Au has only 1 
major peak and ITO has several peaks of low and similar intensity. 
 
 
Fig 4.1.12. Pole figures of the Au substrate surface and ZnO crystal faces.  
a): Au (111). b): ZnO (002). c): ZnO (101). d): ZnO {100}. 
Θ range (rotation): 0-360 o in 5 o steps. Major units of 90 o shown by black solid perpendicular lines.  
Φ range (tilt): 0-80 o in 5 o steps. Major units of 30 o shown by solid black rings. Minor units of 5 o shown by 
dashed black rings. 
 
 Fig 4.1.12 shows pole figures collected during texture analysis of ZnO nanorods 
on Au. a) shows that the high intensity Au (111) peak seen in the XRD patterns is 
parallel to the substrate surface ±5 o. b) shows that the ZnO (002) crystal face, which is 
the highest intensity and most favoured ZnO orientation, is parallel to this Au (111) peak 
and hence the substrate surface. c) shows that the ZnO (101) crystal face is 
predominantly angled at ~60 o ±5 o from the substrate surface. Geometrically, this is the 
expected angle if the ZnO (002) face is parallel to the substrate surface, at 0 o. d) shows 
that the ZnO {100} face has low intensity and is angled mainly at 0 o and 90 o to the 
substrate surface. Geometrically the ZnO {100} should be angled at 90 o given that (002) 
is at 0 o and (101) is at 60 o. The fact that c) and d) both show low intensities of ZnO 
crystal faces at angles other than what is expected of them indicates that there is a small 
quantity of these randomly orientated ZnO crystals present. 
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 Given the information obtained about ZnO on Au, one can ascertain that the 
nanorods are grown with very strong orientation on Au, with the ZnO (002) face aligned 
parallel with the Au (111) face. Other ZnO crystal faces can generally be assigned in 
geometric relation to the ZnO (002) face for a hexagonal (wurtzite) crystal to build up the 
image shown in fig 4.1.13.  
 
 
Fig 4.1.13. The structure of a ZnO nanorod as inferred from the pole figures of ZnO on Au. 
 
 
Fig 4.1.14. Pole figures of ZnO on ITO and the main ITO XRD peaks. 
a): ZnO (002). b): ITO 35.3 o. c): ITO 30.2 o. d): ITO 60.3 o. e): ITO 50.7 o. 
Θ range (rotation): 0-360 o in 5 o steps. Major units of 90 o shown by black solid perpendicular lines.  
Φ range (tilt): 0-80 o in 5 o steps. Major units of 30 o shown by solid black rings. Minor units of 5 o shown by 
dashed black rings. 
 149 
Texture analysis of ZnO grown on ITO is shown in fig 4.1.14. Earlier SEM 
observations showed that the nanorods grown on ITO are randomly aligned relative to 
one another, and the substrate surface. This is again illustrated in fig 4.1.14 a), where 
one can clearly see a range of angles in the ZnO (002) face. The ZnO (002) face is 
predominantly positioned at 0 o ± 30 o, but this angle increases to 80o with decreasing 
prevalence. b-e) show texture analysis of the 4 main peaks found in the XRD spectrum 
of ITO. All the ITO Bragg peaks examined show poor orientation except for the peak 
found at 35.3 o, illustrated in fig 4.1.14 b). The distribution of angles of this face shows a 
striking resemblance to that of the ZnO (002) face. This indicates that the ZnO (002) face 
grows preferentially and parallel on this ITO face. This does however not eliminate the 
possibility that ZnO (002) also grows on the other randomly orientated ITO surface 
crystal faces. 
 
Although there is clearly a relationship between the ZnO (002) and the 35.3 o ITO 
peak, determination of a specific ITO crystallographic structure and direction is not 
possible due to multiple possible materials and their phases corresponding with the ITO 
spectra and 35.3 o peak such as In2O3 and In2Sn2O7-x. This is demonstrated in fig 4.1.15. 
 
 
Fig 4.1.15. Possible crystalline materials and phases detected in the ITO substrate XRD spectra. 
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This texture analysis shows clearly that the crystallinity of the substrate surface, 
not roughness, is responsible for the relative alignment of the rods. In each case the 
ZnO (002) face is the one that exhibits a parallel and highly orientated relationship with 
the crystal face on which it grows, on the substrate surface. This parallel orientation in 
turn affects the c-axis orientation and hence growth direction and relative orientation of 
the nanorods. The crystallographic dependence between the substrate and ZnO 
indicates that the deposit growth could be epitaxial. 
 
 
4.1.5. Chemical composition 
 EDX spectra of ZnO nanorods grown on Au and ITO at potentials ranging 
between -300 mV and -1200 mV have been observed. In each case only Zn and O were 
detected. These elements were always found to be in a 50:50 stoichiometric ratio 
regardless of deposition potential and substrate. This shows that at each potential, none 
of the nanorods have measurable impurity elements in them and that the elemental ratio 
is consistent with that for the ZnO wurtzite crystal. This corresponds with the lattice 
parameter data which showed that the parameters are similar to those for pure wurtzite 
ZnO, and indicating that there is no change in strain within the crystals. It also illustrated 
that there is no zinc excess from Zn2+ reduction, as could be expected at -1200 mV. 
 
 
4.1.6. Summary 
• Electrochemical deposition of ZnO nanorods can occur using 5 mM Zn(NO3)2 and 
a deposition potential in the range -200 < E < -1200 mV vs. Ag/AgCl, although 
deposition on ITO is not detected until -500 mV owing to a smaller density of 
nucleation sites and higher surface activation energy than on Au. 
• More negative potentials activate more reactions, therefore increasing current 
density and total charge transferred. This results in a higher [OH-] and pH 
therefore more deposition occurs. This increased deposit quantity manifests as a 
higher density of nanorods with increased nanorod diameter on Au, and 
increased density but decreased diameter on ITO owing to a higher work of 
formation of critical nuclei. 
• ZnO deposits have a crystalline hexagonal wurtzite structure with a Zn:O 1:1 ratio 
and no impurities at any examined potential. ZnO (002) is aligned to the 
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substrate surface with a parallel, highly orientated relationship, where poor 
nanorod orientation on ITO is linked to substrate surface texture, not roughness. 
More negative potentials increase the favourability of (002) orientation but also 
increase poly-crystallinity.  
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4.2. Influence of zinc precursor concentration 
In this section the influence of zinc precursor concentration will be investigated. 
As for section 4.1, electrochemical reactions, morphology, crystal structure and chemical 
composition will be observed and related so as to try to understand the changes that 
different concentrations bring about. 1 mM, 5 mM and 50 mM Zn(NO3)2 have been 
chosen as the precursor concentrations and deposition will be done on both ITO and Au. 
Given work carried out in section 4.1, potential will be maintained at -900 mV vs. 
Ag/AgCl as this provides the best compromise to maximise vertical rod alignment, ZnO 
(002) orientation and comparable rod diameters on both ITO and Au. Temperature and 
support electrolyte in the deposition solution will remain constant at 65 oC and 0.1 M KCl 
respectively. Reactions and deposits on both ITO and Au will continue to be contrasted 
whilst examining the influence of concentration.  
 
 
4.2.1. Electrochemical reactions 
 Electrochemical depositions have been performed using 1 mM, 5 mM and 50 mM  
Zn(NO3)2 whilst maintaining a constant concentration of 0.1 M KCl. The current density 
and hence charge transferred was recorded during deposition on both ITO and Au. Their 
graphs are shown in fig 4.2.1. 
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Fig 4.2.1. Influence of Zn(NO3)2 concentration on the electrochemistry. 
Left: Deposition using an Au substrate. Right: Deposition using an ITO substrate. 
Top: Current density vs. time graphs. Bottom: Charge density transferred vs. time. 
 
  The shape of the current density vs. time graph is believed to be dependent on 
the nucleation and growth deposition mechanism, which affects the substrate surface 
coverage and total active surface area [16]. This will be explained in more detail in 
section 4.3 with regard to the morphological evolution.  
 
Current density recorded during electrochemical deposition on Au, shown in fig 
4.2.1 top left, shows that the concentration of Zn(NO3)2 does have an effect on the 
shapes of the graphs. For low concentrations (1 mM Zn(NO3)2), a small current density is 
generated which is fairly constant throughout the deposition. For intermediate 
concentrations (5 mM Zn(NO3)2), there is more structure in the current density graph. 
This shape is similar to the morphology dependent current density transient described in 
section 2.3.5. Initially there appears to be a small nucleation peak, lasting ~40 s. This 
could be due to the formation of nucleation sites on the substrate surface which increase 
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the active surface area for redox to occur. The current density is initially relatively high 
compared to the 1 mM system since there is now a higher concentration of nitrate ions, 
with which reduction can occur. Then the current density falls between ~50-200 s. This 
could be due to rapid growth from the nucleation sites and then coalescence before 
equilibrium is reached at ~200 s. At high concentration (50 mM Zn(NO3)2), the current 
density graph shape is different again, indicating there could be a different nucleation 
and growth process. Here the current density immediately falls rapidly for ~25 s, 
indicating a near instantaneous nucleation period followed by rapid growth for 25 s. 
Nucleation can be expected to occur faster since the Zn(NO3)2 concentration is now 10 
times higher than for 5 mM, therefore a higher concentration of OH- ions are generated. 
This increases the pH local to the electrode surface, and makes ZnO precipitation more 
likely. After 25 s, the current density falls continuously at a slower rate. This indicates 
that a different nanostructure could form from the 1 mM and 5 mM systems.  
 
Analysis of the Au charge density graphs shown in fig 4.2.1 shows the influence 
that Zn(NO3)2 concentration has on the rate of redox reactions in solution. During the 
reaction for low concentration (1 mM Zn(NO3)2), a constant rate of reaction is observed. 
However, for intermediate and high concentrations (5 mM and 50 mM Zn(NO3)2), initially 
they begin with a faster reaction rate. This can be expected since there is more nitrate in 
the solution than for 1 mM Zn(NO3)2. By 100 s the rate of reactions in the 5 mM system 
suddenly slows, indicating a sudden reduction in the rate of redox reactions. The 50 mM 
system by contrast does not reach any such point and the rate of reactions gradually 
slows as deposition continues. By contrast, this indicates that the 50 mM system could 
result in a different morphology.  
 
Similarities can be found in each of the current density and charge transfer 
graphs during deposition on an ITO substrate for the cases of 1 mM and 5 mM Zn(NO3)2. 
Both follow the typical expected shape for the nucleation and growth of nanorods, as 
described in section 2.3.5. See section 4.2.2 for a discussion of the morphologies on 
both ITO and Au and section 4.3 for a discussion of their morphological evolution. 
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4.2.2. Morphology 
 SEM images illustrating the influence of Zn(NO3)2 concentration on ZnO 
morphology on ITO and Au, grown using -900 mV vs. Ag/AgCl for 60 mins, are shown in 
figs 4.2.2 and 4.2.3 respectively.  
 
  
Fig 4.2.2. SEM images of ZnO deposited for 60 mins with -900 mV vs. Ag/AgCl on ITO. 
Left: 1 mM Zn(NO3)2. Right: 5 mM Zn(NO3)2. Large: View at 45o tilt. Inset: View at 0o tilt. 
  
Fig 4.2.2 shows that after 60 mins of deposition with 1 mM Zn(NO3)2, hexagonal 
rods have grown on ITO. These rods appear to be vertically poorly aligned, as shown in 
the texture analysis in fig 4.1.14. At 5 mM Zn(NO3)2, rods have also formed, but this time 
there is a higher density across the surface and they appear to have coalesced. A higher 
nucleation density can be expected when the Zn(NO3)2 concentration is higher. This then 
makes coalescence more likely over a given time period. The formation of rods explains 
the shape of the current transient graphs in fig 4.2.1 and agrees with the expected 
findings, as described in section 2.3.5. 
 
  
Fig 4.2.3. SEM images of ZnO deposited for 60mins with -900 mV vs. Ag/AgCl on Au. 
Left: 1 mM Zn(NO3)2. Right: 5 mM Zn(NO3)2. Large: View at 45 o tilt. Inset: View at 0 o tilt. 
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Fig 4.2.3 shows the morphology resulting from deposition on Au after 60 mins. 
For the case of 1 mM Zn(NO3)2 with Au, one can see that a dense array of ZnO 
nanorods has been deposited. The density of the array is higher than that observed on 
ITO since ITO has a higher surface activation energy and work of formation of critical 
nuclei [84]. As expected, the rods are all vertically well aligned owing to the high (111) 
orientation of the Au surface, illustrated in the texture analysis in fig 4.1.12. At 5 mM 
Zn(NO3)2, a different morphology has formed. The surface is covered with randomly 
orientated hexagonal platelets which appear to have formed a porous film. Closer 
inspection however shows that beneath the platelets is a thin film of densely coalesced 
rods. This indicates that two different growth mechanisms have occurred, possibly one 
after the other. The first being growth of nanorods which have coalesced, followed by the 
formation of platelets over the top. 
 
However, current density graphs in fig 4.2.1 show a similar shape for 1 mM and 5 
mM, indicating that they should have similar nanorod morphology. This contradiction can 
be explained by considering SEM observation of the 5 mM system after 20 mins of 
deposition on Au, shown in fig 4.2.4. This time there is only one type of morphology 
present. The ZnO deposit formed is coalesced nanorods. This shows that the platelets 
observed after 60 mins in fig 4.2.3 begin to form at a later stage, after the coalescence of 
the rods. Therefore, the current density graphs will be similar for at least the first 20 
mins. 
 
  
Fig 4.2.4. SEM images of ZnO deposited on Au for 20mins with -900 mV vs. Ag/AgCl. 
Left: 5 mM Zn(NO3)2. Right: 50 mM Zn(NO3)2. 
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 Fig 4.2.4 also shows that when 50 mM is used to deposit ZnO on Au for 20 mins, 
one observes randomly orientated hexagonal platelets that have formed a porous film. 
This platelet morphology is very similar to that found in the 5 mM system after rod 
coalescence and therefore suggests that the same mechanism results in the platelet 
formation. It is believed that these platelets form as a result of the ZnO (002) face 
effectively being blocked by Cl- ions during growth, therefore encouraging lateral 2D 
growth rather than 1D rod growth, or 3D island growth [25, 16, 13, 111, 112]. This 
concept will be discussed further in section 4.2.4. 
 
 
4.2.3. Crystal structure 
 Material and structural analysis of deposited ZnO has been carried out. Samples 
were deposited from different concentrations of Zn(NO3)2 in an O2 saturated solution of 
deionised water with 0.1 M KCl for 60 mins using -900 mV vs. Ag/AgCl.  
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Fig 4.2.5. XRD spectra of ZnO deposits on ITO grown for 60 mins using -900 mV vs. Ag/AgCl. 
Top: 1 mM Zn(NO3)2. Bottom: 5 mM Zn(NO3)2. 
 
Fig 4.2.5 shows that ZnO is deposited on ITO for both 1 mM and 5 mM Zn(NO3)2. 
The ZnO is hexagonal wurtzite which is preferentially (002) orientated. It has been 
established in section 4.1.4 that the ZnO (002) face is parallel to the 35.3 o ITO surface 
crystal face on which it grows with strong orientation [84, 13, 96, 94], and stacks along 
the c-axis during growth [13, 94]. Given that growth is expected to occur 5 times faster 
along the c-axis than laterally (along the a-axis and b-axis) [108], the (002) orientation 
should be more prevalent where rods have grown. The observed orientation in the XRD 
patterns corresponds with the formation of ZnO rods, shown in fig 4.2.2. The (002) 
preference is far stronger in the 5 mM system than the 1 mM system. This is owing to 
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the 1 mM system having a lower quantity of poorly orientated rods and the 5 mM system 
having a higher quantity of ZnO rods which have coalesced and vertically aligned. 
Further observations show that ZnO also has several low intensity peaks present, 
indicating poly-crystallinity. No crystalline materials other than ZnO were found to be 
present in either system. 
 
 
   
Fig 4.2.6. XRD spectra of ZnO deposits on Au grown for 60 mins using 1 mM Zn(NO3)2 with -900 mV vs. Ag/AgCl. 
Top: The whole XRD spectra. Bottom: A close-up of the smaller peaks present.  
 
 Fig 4.2.6 shows the XRD spectra of deposits on Au using 1 mM Zn(NO3)2. One 
can clearly see that ZnO is the main deposit which is in the hexagonal wurtzite form. It is 
also very highly (002) orientated. This can be expected since the deposit in this case is 
high density vertically aligned rods, as shown in fig 4.2.3. Most of the ZnO deposit is in 
the (002) orientation, with a very small quantity only in the {100} orientation. This shows 
that ZnO has a much lower degree of poly-crystallinity than that observed on ITO. This is 
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owing to the high orientation of the Au substrate surface in comparison to ITO, which 
was shown to be polycrystalline and poorly orientated. This was described in section 
4.1.4. The ZnO deposit is however not pure, unlike in the ITO case. A relatively tiny peak 
can be found corresponding with ZnCl2 (104). Closer inspection shows that there could 
also be a smaller still quantity of Zn(ClO4)2 and an unknown material present. The 
unknown material has extremely low intensity and quantity, and is highly orientated, so it 
lacks enough Bragg peaks for it to be identified. It does not correspond with any peaks 
that could be generated by ZnO, ZnCl2, Zn(OH)2 or combinations of these such as 
Zn5(OH)8Cl2 and Zn(ClO4)2. Both of the identified impurity crystal compounds are 
Tetragonal in crystal structure. Appendix I summarises the standard crystallographic 
information about crystalline materials detected in the deposits. 
 
 
      
Fig 4.2.7. XRD spectra of ZnO deposits on Au grown for 60 mins using 5 mM Zn(NO3)2 with -900 mV vs. Ag/AgCl. 
Top: The whole XRD spectra. Bottom: A close-up of the smaller peaks. 
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 Deposits on Au in the 5 mM system show similarities to the 1 mM system. Fig 
4.2.7 shows that again ZnO is deposited in hexagonal wurtzite form with a very strong 
preference for the (002) orientation. This orientation is due to the formation of vertically 
aligned rods which make (002) the most favourable face. The intensity of this peak is 
also far higher than for the 1 mM system since there is a far higher rod density and thus 
a larger quantity of (002). Closer inspection shows that there is a relatively very small 
quantity of ZnO (101) present, illustrating not only high orientation but also very low 
levels of poly-crystallinity in ZnO, as for the 1 mM system on Au. There are however 
more Bragg peaks present for ZnCl2 and Zn(ClO4)2, showing that in the 5 mM system 
there is not only more crystalline impurity compound present, but they are also less well 
orientated. This poor crystal orientation in the impurities corresponds with observations 
of poor orientation and poorly defined morphological shape of the platelets, shown in fig 
4.2.3, which have grown in random orientations on top of the highly ordered coalesced 
vertically aligned rods. This evidence initially indicates that the ZnO is contained in the 
nanorods and the impurity compounds (ZnCl2 and Zn(ClO4)2) are mainly contained in or 
on the platelets. 
 
It has been shown by GIXS [25] and XRD [19] experiments in the literature that 
Zn5(OH)8Cl2 impurities can be present in the ZnO deposit. The diffraction peaks 
associated with this compound can fit the XRD spectra in fig 4.2.7, however, they do not 
sufficiently account for all of the peaks found. Together ZnCl2 and Zn(ClO4)2 can account 
for all of the impurity peaks and therefore are considered more likely. 
 
 
Fig 4.2.8. The influence of Zn(NO3)2 concentration and substrate on ZnO crystal orientation. 
Peak area information obtained by fitting a Lorentzian curve (R2 > 0.9) to the Bragg peaks. 
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 Fig 4.2.8 quantifies the orientation of the crystalline ZnO deposits by looking at 
ratios of the quantities of ZnO crystal faces in relation to the most common and 
favourable face, ZnO (002). One can see that by using the higher concentration 5 mM 
system, the orientation greatly improves in favour of (002). This can be related to the 
morphology. If the density of rods increases, there is more (002) present and it becomes 
more difficult for the nanorods to grow with poor vertical alignment. One can also see 
from the figure that ZnO deposited on Au is more than 10 times more likely to be (002) 
orientated than for ZnO on ITO. This is because during deposition, orientated growth 
occurs where the ZnO (002) face is parallel to the substrate surface crystals on which it 
grows, and the Au surface (111) crystal faces are highly orientated and ITO surface 
crystal faces are poorly orientated. This has been described in section 4.1.4. 
 
 
 
Fig 4.2.9. GIXS spectra of the deposits on Au after 60 mins with -900 mV. 
Top: 1 mM Zn(NO3)2 system. Bottom: 5 mM Zn(NO3)2 system. 
+/- represents and/or. 
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 Synchrotron Grazing Incidence X-ray Scattering (GIXS) has been performed on 
the deposits in-situ during growth on Au for the 1 mM and 5 mM Zn(NO3)2 system to 
understand behaviour at the Au electrode surface. After 60 mins the obtained spectra 
are shown in fig 4.2.9. GIXS of the 1 mM system shows that only hexagonal wurtzite 
ZnO is deposited across the surface. This conflicts with the XRD spectra in fig 4.2.6 
which showed that very small quantities of ZnCl2 and Zn(ClO4)2 are present. GIXS of the 
5 mM system, however, does agree with the earlier XRD spectra in fig 4.2.7, showing 
that ZnCl2 and Zn(ClO4)2 are present. These are both tetragonal in structure, as found 
earlier.  
 
The GIXS spectra show that it has also detected a small quantity of another 
phase. This phase corresponds with the expected XRD spectra for alloy Au3Zn. This 
phase has not been previously reported as being formed in this system. Given that 
Au3Zn is only detected in the GIXS scan and that this phase is an alloy between metals 
found in the Au substrate surface and the deposit, one can predict that it only occurs at 
the interface between the Au surface and the ZnO deposit in a very small quantity. This 
will be examined further in sections 4.3.2, 4.4.3 and 4.4.4. Appendix I summarises the 
standard crystallographic information about crystalline materials detected in the deposits. 
   
  
Fig 4.2.10. ZnO Lattice parameters compared. Deposition on ITO and Au using 1 mM and 5 mM Zn(NO3)2.  
Left: ZnO c-lattice parameters. Right: ZnO a-lattice parameters. 
c-lattice parameters calculated from ZnO (002)Bragg peak position. a-lattice parameters calculated from ZnO 
(100) Bragg peak positions. No data available for the ZnO a-lattice parameter when deposited on Au from a 5 mM 
Zn(NO3)2 solution owing to the lack of a ZnO (100) peak in the XRD spectra. 
XRD scans done in continuous mode, resulting in no error from step sizes. 
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ZnO lattice parameters can be calculated from the XRD spectra based on the 
crystal structure, in this case hexagonal. The results are shown in fig 4.2.10 for the main 
four systems examined (1 mM Zn(NO3)2 with Au, 5 mM Zn(NO3)2 with Au, 1 mM 
Zn(NO3)2 with ITO, and 5 mM Zn(NO3)2 with ITO) and are compared to the reference 
values from powder XRD of pure ZnO. The ZnO (002) peak position is used to acquire 
the c-lattice parameter and the {100} peak position used to acquire the a-lattice 
parameter according to the ZnO unit cell illustrated in fig 2.5.6 [135, 136]. The a-lattice 
parameter data are not available for coalesced rods (5 mM Zn(NO3)2) on Au due to the 
lack of a {100} peak in the XRD spectra. Comparison of the ZnO c-lattice parameters 
with the unstrained ZnO reference shows that the low concentration (1 mM Zn(NO3)2) 
results in a slightly reduced (compressed) c-lattice parameter, and the higher 
concentration (5 mM Zn(NO3)2) results in a slightly increased (expanded) c-lattice 
parameter. The substrate material appears to have little influence on this value. 
Observation of the a-lattice parameter of ZnO on ITO shows the same pattern as the c-
lattice parameter, where low concentration (1 mM Zn(NO3)2) causes a compressed 
lattice and high concentration causes an expanded lattice. However, deposition on Au 
with low concentration Zn(NO3)2 results in a significantly expanded a-lattice parameter. 
This indicates epitaxial growth.  
 
Strain within the crystal causes lattice expansion and contraction. There are only 
a few conceivable reasons for strain to exist in the ZnO. 1. Epitaxial strain. 2. 
Morphological strain. 3. Impurities. 4. Defects.  
 
We know that ZnO grows on the substrate with the ZnO (002) crystal face 
orientated parallel to the substrate surface crystal face and perpendicular to ZnO {100}. 
If this growth is epitaxial and there is a difference between the d-spacings of the 
substrate crystal perpendicular to the surface face and ZnO [100], then there will be 
epitaxial strain introduced into the ZnO along the a,b-axis. We have seen that the 
morphology is dictated by the deposition conditions but is subtly modified by the 
substrate. When we observe the lattice parameters for the ITO system, by increasing the 
concentration and hence changing the morphology from low density poorly aligned rods 
to high density vertically aligned coalesced rods, the strain changes from compressed to 
expanded in both the a and c-lattice parameter. Since the deposit consists of only ZnO 
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and the same substrate is used, we know that this morphological change affects the 
strain on ITO.  
 
Impurity crystals and/or defects can form within ZnO or across the substrate-ZnO 
interface, as demonstrated in deposits on Au. These impurities and/or defects can form 
of their own accord if the deposition conditions are correct. This could contribute towards 
the strain. Alternatively, they could form as a means to reduce strain because high 
energy introduced to the system by the strain makes it favourable for them to form. 
Given that ZnO (002) is known to be parallel to the substrate surface, the a-lattice 
parameter should be most susceptible to epitaxial strain. The c-lattice parameter is not 
susceptible to epitaxial strain since it was observed in fig 4.2.10 that substrate had no 
significant influence on this value. Calculations for ZnO on Au show that the theoretical 
epitaxial strain is 20.23 %. In comparison, the measured epitaxial strain for ZnO rods on 
Au (1 mM) is 18.36 %. This shows that a-lattice parameter expansion may be reducing 
epitaxial strain between ZnO and Au and hence increasing the strain within ZnO. A 
representation of this is illustrated in fig 4.2.11 below. 
 
 
Fig 4.2.11. Schematic illustration of the effect of strain across the Au-ZnO interface. View from above. 
a) The relative crystal structures of wurtzite ZnO (0001) face and cubic Au substrate (111) face.  
b) The relative crystal structures of expanded wurtzite ZnO (0001) face and cubic Au substrate (111) face.  
 
 Given that under the same conditions for deposition on ITO, no such expansion 
was observed and no impurities were observed, one can assume that increasing the 
strain within ZnO makes it favourable for impurities such as ZnCl2 and Zn(ClO4)2 to 
precipitate on grow on/in the deposit, or for the Au3Zn alloy to form. This indicates that 
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impurities in ZnO on Au form because of the ZnO strain, rather than contributing to the 
strain. In the case of deposition on ITO, SEM images have clearly shown a small degree 
of twinning. Twinning is a crystal defect which could occur as a means of relieving strain 
in the ZnO, which would otherside be observed as a large expansion/contraction in the 
a-lattice parameter. This effect is not observed in nanorods on Au, explaining the large 
contrast in lattice parameter expansion. It is possible that ZnO on ITO may find it easier 
to form defects than ZnO on Au owing to its higher degree of texture and poly-
crystallinity.  
 
 
Fig 4.2.12. Influence of Zn(NO3)2 concentration and substrate on ZnO crystallite sizes. 
Crystallite sizes were obtained from the corresponding XRD Bragg peak FWHM. Peak FWHM obtained by fitting a 
Lorentzian curve (R2 > 0.9) to the Bragg peaks.  
No data available for ZnO (101) in the 1 mM Zn(NO3)2 on Au system and ZnO (100) in the 5 mM Zn(NO3)2 on Au 
system owing to a lack of ZnO (101) and ZnO (100) XRD Bragg peaks respectively. 
XRD scans were done in continuous mode resulting in no error from step sizes. 
 
Fig 4.2.12 shows the influence of Zn(NO3)2 concentration and substrate on ZnO 
crystallite sizes. Corresponding with the lattice parameter changes, higher concentration 
Zn(NO3)2 results in larger crystallites. However, the crystallite sizes are all slightly 
smaller than the rod and platelet dimensions, therefore the deposits are all 
polycrystalline regardless of their preferential orientation. The Au crystallite size, as 
calculated from the XRD spectra, is ~400 Å. This corresponds with the Au cluster size, 
as illustrated by AFM. Therefore the Au clusters on the substrate surface must be single 
crystal, but the overall Au substrate is not single crystal. Owing to the ZnO deposit 
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dimentions, these deposits expand over several Au clusters. In the case of ITO, the 
crystal face corresponding with a Bragg peak position of 35.3 o has a crystallite size of 
~205 Å. Again this implies that the ZnO deposits must grow across several substrate 
crystallites.  
 
 
4.2.4. Chemical composition 
 EDX analysis has been performed on the elements contained in the deposits 
after 20 mins of deposition on Au. The 5 mM system contains a 1:1 stoichiometric ratio 
of Zn:O. This can be expected for a ZnO crystal. It was also found to contain no 
measurable quantity of chlorides, showing that it is effectively impurity free. The 50 mM 
system on Au was found to contain Zn and O, but there was also a 5.8 % stoichiometric 
amount of chloride in the ZnO. This quantity was found to increase to 7.8 % for smaller 
potentials of -300 mV vs. Ag/AgCl and decrease to 5.3 % for larger potentials of -1200 
mV vs. Ag/AgCl. This shows that more impurities are present at higher concentration 
and purity can be improved by using a more negative potential. 
 
 XRD analysis after 60 mins of deposition on Au shows that the nanorods formed 
in the 1 mM system have negligible amounts of ZnCl2 and Zn(ClO4)2 present, and that 
the 5 mM system of rods with platelets has larger polycrystalline quantities of both ZnCl2 
and Zn(ClO4)2. EDX analysis after 20 mins of deposition showed no chlorides to be 
present in the 5 mM system, which at this point had not developed platelets, and 5.8 % 
chloride present in the 50 mM system which is made of platelets. Given this information, 
one can determine that the rods deposited are composed of ZnO in a 1:1 stoichiometric 
ratio and the platelets which develop on the top contain chloride impurities. This idea 
corresponds with the findings for deposition on ITO, where in both the 1 mM and 5 mM 
Zn(NO3)2 systems, only rods were deposited and XRD analysis shows that only ZnO is 
present in crystalline form. This also corresponds with the theory that platelets form as a 
result of chloride ions binding to the polar ZnO (002) face, blocking growth in that 
direction, and therefore promoting lateral growth [25, 16, 13, 111, 112]. This indicates 
that the chloride compounds are present on the surface of ZnO platelets, accounting for 
the low stoichiometric % of chloride in the system.  
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4.2.5. Summary 
• The shapes of current density transient curves are correlated with the nucleation 
and growth deposition mechanism. 
• ZnO nanorods deposit with a crystalline wurtzite structure and 1:1 Zn:O 
stoichiometry when using low (1 mM) and medium (5 mM) [Zn(NO3)2].  
• Increasing the concentration from 1 mM to 5 mM Zn(NO3)2 results in a higher 
density of rods which can coalesce. At equivalent applied potential, the rod 
density is always higher on Au than ITO owing to a lower work of formation of 
critical nuclei.  
• ZnO nanorods are strongly (002) orientated. This orientation is stronger at 5 mM 
owing to an increased rod density. On ITO, ZnO (002) intensity is slightly lower 
and polycrystallinity slightly higher than on Au owing to the textured ITO surface, 
although no impurities are detected. Very low levels of ZnCl2 and Zn(ClO4)2 
impurities are detected in nanorods on Au. 
• After rods on Au have coalesced by 20 mins or when using 50 mM Zn(NO3)2, 
platelets begin to grow on Au. This is associated with increased levels of impurity 
compounds ZnCl2, Zn(ClO4)2 and Au3Zn. The chlorides cause lateral growth by 
blocking the ZnO (002) face with Cl- ions. 
• ZnO c-lattice parameter is compressed when nanorods form (1 mM) and 
expands when coalesced nanorods form (5 mM). This transformation is 
morphology dependent. The same pattern is observed for the ZnO a-lattice on 
ITO. 
• The a-lattice parameter of ZnO rods on Au however exhibit enormous expansion. 
This is believed to reduce epitaxial strain but induces internal ZnO strain, making 
the formation of impurities within the deposit more favourable. Impurities 
therefore deposit because of strain, rather than contributing to it. If growth on ITO 
is epitaxial, this strain could be relieved through crystal twinning. 
• The quantity of impurities increases at higher [Zn(NO3)2] or after longer 
deposition time periods and can be decreased by using more negative deposition 
potentials. 
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4.3. Influence of deposition time 
 In sections 4.1 and 4.2, the influence of potential, [Zn(NO3)2] and substrate has 
been discussed in terms of the final deposits obtained. This section will now try to 
understand what happens during deposition in several comparable sets of conditions. 
Morphological development will be observed and related to electrochemical reactions. 
Then the development of ZnO crystals and impurities will be discussed. The main focus 
will be on films acquired using deposition parameters determined in sections 4.1 and 4.2. 
To this effect, potential will be maintained at -900 mV vs. Ag/AgCl, excluding the first 
observation in this section, and temperature and support electrolyte will remain constant 
at 65 oC and 0.1 M KCl respectively. Reactions and deposits on both ITO and Au will 
continue to be contrasted whilst examining the influence of Zn(NO3)2 concentration, 
being either 1 mM or 5 mM. This therefore establishes the four main sets of constant and 
variable parameters, referred to as systems, examined further in this thesis: 
 
• 1 mM Zn(NO3)2 used with an ITO working electrode.  
• 5 mM Zn(NO3)2 used with an ITO working electrode. 
• 1 mM Zn(NO3)2 used with an Au working electrode. 
• 5 mM Zn(NO3)2 used with an Au working electrode. 
 
 
4.3.1. Morphological development 
 The morphological development of ZnO has been studied through the 
observation of a series of SEM images of ZnO deposited under different conditions. This 
morphology has also been related to the current density vs. time graphs, recorded during 
deposition, to quantify times at which the deposition process has changed. A study of 
the influence of potential on ITO, described in section 4.1.3, showed that at -500 mV vs. 
Ag/AgCl, ZnO nanorods were deposited in a low density. This density increased as the 
potential became more negative. For the purpose of an initial study on the impact of 
deposition time, a potential of -500 mV vs. Ag/AgCl has been selected so as to use a low 
rod density and thus observe the impact of deposition time more clearly. Fig 4.3.1 shows 
one such study of ZnO deposition on ITO using 1 mM Zn(NO3)2. 
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Fig 4.3.1. Morphological evolution of ZnO on ITO deposited using 1 mM Zn(NO3)2 -500 mV vs. Ag/AgCl. 
SEM images: a) 20 min b) 40 min c) 60 min d) 100 min.  
 
The current density vs. time graph shown in fig 4.3.1 clearly has four regions. 
Region 1 shows a dramatic fall in the current density within the first 24 s of the potential 
being applied. This region has been attributed to instantaneous electrochemical 
reactions activated by the potential, causing an instant build-up of charge in the system 
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which is then dissipated during the first 24 s [16]. Region 2 shows an increase in the 
current density owing to the nucleation of ZnO and growth of 3D islands which increases 
the active surface area available for redox to occur. This period of nucleation lasts ~1090 
s. Image a) shows an SEM image of the deposit at the end of this period. Clearly, 3D 
islands can be observed which in some cases have undergone a small degree of growth 
to form nanorods. Region 3 shows a decrease in current density owing a relative 
decrease in the active surface area available for redox. Image b) shows that during this 
period further nucleation has occurred resulting in more 3D islands, and further growth 
from these islands has resulted in a higher density of nanorods than at the end of region 
2. It is the continuous growth of nanorods from these 3D islands that is believed to result 
in a relative decrease in the active surface area and hence current density. One can see 
a large range in the dimensions of these deposits. This is because nucleation occurred 
throughout both regions 1 and 2, therefore resulting in a variation in deposit dimensions 
at specific points in time. This period of growth lasts for ~1500 s. Region 4 shows that 
the current density has reached a plateau. During this time, equilibrium is believed to 
have been reached between the growth of rods and the active surface area. One can 
see in images c) and d) that the rods have grown in dimensions with little or no 
implication for the current density. This illustrates that it is possible to relate the current 
density transient shape with deposition growth processes and hence morphology. 
 
The most suitable deposition potential was deemed to be -900 mV vs. Ag/AgCl 
since this resulted in the best compromise between crystal orientation, purity and 
nanorod dimensions for ZnO on both Au and ITO substrates. The influence of deposition 
time on morphological evolution will now be observed in the same way as the last 
example, where -900 mV deposition potential is used with the four main examined 
systems; 1 mM Zn(NO3)2 or 5 mM Zn(NO3)2 with an ITO or Au working electrode.  
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Fig 4.3.2. Morphological evolution of ZnO on ITO deposited using 1 mM Zn(NO3)2 and -900 mV vs. Ag/AgCl. 
SEM images: a) 20 min b) 60 min. Inset image: sample at 45 o tilt. 
 
Fig 4.3.2 shows the influence of time where 1 mM Zn(NO3)2 has been deposited 
with ITO using -900 mV vs. Ag/AgCl. The current density graph shows that in region 1 
the initial charge generated by application of potential is discharged in 6 s. This is 
significantly faster than in the -500 mV vs. Ag/AgCl system. Nucleation, shown as region 
2, takes ~90 s. This is ~12 times faster than for the -500 mV vs/ Ag/AgCl system. This 
can be attributed to the larger over-potential causing accelerated reactions in solution 
and hence accelerated ZnO nucleation. This therefore explains the larger rod density 
and the larger current density at this more negative potential. Region 3 should be the 
region in which growth occurs from the nucleation sites/3D islands, causing a decrease 
in the current density. The decrease followed by increase shows that competition is 
occurring between the rod growth and active surface area before equilibrium is reached 
in region 4 in ~640 s. This equilibrium occurs faster than for the -500 mV system owing 
to the accelerated processes occurring. These rods continue to grow from their 
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nucleation sites, as shown by image b). The distribution in dimensions appears to be 
more uniform than for the -500 mV system owing to the significantly reduced nucleation 
time period (region 2). 
 
  
 
Fig 4.3.3. Morphological evolution of ZnO on ITO deposited using 5 mM Zn(NO3)2 and -900 mV vs. Ag/AgCl. 
SEM images: a) 20 min b) 60 min. (Inset: 45 o tilt). 
 
 When a higher concentration of Zn(NO3)2 is used (5 mM), fig 4.3.3 shows that the 
nanostructure formed is again similar, being nanorods, resulting in a similar shaped 
current transient curve. This time the initial period of charge dissipation, shown as region 
1, lasts 2 s. This is faster than for lower concentration Zn(NO3)2 owing to the higher 
concentration of electrolytes (NO3-), enabling faster charge dissipation. Region 2 shows 
that the period where surface area increases owing to the formation of nucleation sites 
and 3D islands lasts for ~130 s. This is longer than for the lower concentration and can 
be associated with the higher density of nucleation sites formed. Region 3 is associated 
with the growth of rods once nucleation and 3D island formation has occurred. This 
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period lasts for ~770 s before equilibrium is reached. This is similar to the time taken for 
the lower concentration system and is believed to be due to similarities in the 
morphology. One can however observe that the current density falls much more rapidly 
in this case, owing to a faster decrease in the active surface area since the density of 
rods is far higher. This can be observed in image a). Once equilibrium is reached in 
region 4, growth of the rods continues to the point of coalescence, as shown in image b) 
without affecting the current density. 
 
 
 
Fig 4.3.4. Morphological evolution of ZnO on Au deposited using 1 mM Zn(NO3)2 and -900 mV vs. Ag/AgCl. 
SEM images: b) 60min. (Inset: 45 0 tilt). 
 
 Deposition of ZnO rods on Au using 1 mM has some differences in the shape of 
the current density vs. time graph to that of ZnO rods (1 mM Zn(NO3)2) on ITO. As for 
before, region 1 shows that instantaneous charge build-up is dissipated over 2 s. 
However, notably there is an absence of region 2, associated with nucleation and growth 
of 3D islands. Since image b) shows that a high density of nanorods form with 
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reasonably uniform dimensions, one can assume that the nucleation period is near 
instantaneous. This is owing to the lower work of formation of critical nuclei on Au 
compared to ITO, described in section 2.6.1. Region 3 then shows that growth of ZnO 
nanorods rapidly takes place over ~615 s before equilibrium begins to be reached in 
region 4. 
 
  
 
Fig 4.3.5. Morphological evolution of ZnO on Au deposited using 5 mM Zn(NO3)2 and -900 mV vs. Ag/AgCl. 
SEM images: a) 20 min b) 60 min. Inset: High magnification image of sample. 
 
 Fig 4.3.5 shows how morphological evolution changes when 5 mM Zn(NO3)2 is 
used to deposit ZnO on Au. As for before, region 1 shows that charge build-up is 
dissipated within 2 s. Unlike the case for 1 mM with Au, region 2 is present. This period 
of nucleation and formation of 3D islands lasts ~4 s. This corresponds with the findings 
for deposition on ITO, where higher concentration systems take longer to nucleate and 
form 3D islands. This is believed to be due to the higher concentration causing more 
nucleation sites to form, which takes longer. Region 3 shows that rod growth then occurs 
rapidly for ~430 s before equilibrium occurs in region 4. Like in the case of ITO, this 
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growth causes a much larger decrease in current density at higher concentrations 
because of the higher density of rods growing. This higher nucleation density can be 
observed in image a) which shows that by 20 mins the rods have already coalesced. 
One would then expect that 2D growth of a film would occur, however, by 60mins, image 
b) shows that a new morphology has begun to evolve. One can observe that platelets 
have begun growing on top of the rods. This morphological change results in no change 
in the current density recorded, hence indicating no change in the active surface area. 
Reasons for this could be related to the relative activity of reduction on the new platelet 
surface. 
 
Fig 4.3.6 shows a selection of high magnification SEM images of ZnO deposited 
in different morphologies using different Zn(NO3)2 concentrations, deposition times and 
substrates. All of the structures show corresponding evidence indicating how they grew. 
 
  
  
Fig 4.3.6. Evidence of ZnO nucleation and growth mechanism. 
a) Rods on Au. b): Rods on Au. c): Rods on ITO. d): Platelets on Au.  
 
 In the case of rods, shown in a) b) and c), they are hexagonal prisms. Images a) 
and c) show parallel lines and ridges perpendicular to the c-axis. This shows that the 
rods grew vertically in stages, resulting in a stacked appearance. Observation of the top 
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of the rods in images a) and c) show ‘nodules’ of different sizes, also mostly in 
hexagonal shape. This shows that poly-nucleation occurs on the ZnO (002) surface, 
resulting in an array of tiny ZnO nanorods and 3D islands on the top of the ZnO rod. 
These rods clearly must coalesce quickly in order to create the layers observed. This 
also corresponds with findings in relation to fig 4.2.12, where ZnO (002) crystallite size is 
smaller than the rod diameter, indicating multiple orientated crystals across the diameter. 
Image b) shows the appearance of ‘caps’ on the rods, where this ZnO poly-nuclei layer 
has coalesced. Once the layer has coalesced, the poly-nucleation will again occur, 
resulting in the stacks seen most prominently in a) and c). Image d) shows a similar story 
for the formation of platelets. Unlike the rods however, growth on the (002) face is 
severely inhibited, subsequently leading to preferred lateral growth rather than c-axis 
growth, with platelets growing up to several microns in diameter. This has caused an 
inversion in the aspect ratio from >>1 for rods to <<1 for platelets. 
 
 
4.3.2. Crystal development 
 Changes seen in the morphology have been qualitatively correlated with current 
density changes in relation to active surface area and hence the capacity for redox to 
occur. However, current density and charge transfer transients can not provide accurate 
information on the rate of the formation of ZnO due to Faradaic inefficiencies (discussed 
at the end of chapter 4.4.1), which have been shown to be not only different for each 
system, but also change during deposition [16, 19, 18]. The relative rate of formation of 
ZnO can be observed by measuring the increase in intensity of ZnO Bragg peaks during 
deposition. This has been done using in-situ GIXS synchrotron experiments during 
electrochemical deposition. By measuring the XRD spectra in this way, one can also 
determine changes in the ZnO crystal structure and the presence of crystalline impurities 
during growth with high sensitivity. 
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Fig 4.3.7. Deposition of ZnO on Au using 1 mM Zn(NO3)2 with -900 mV vs. Ag/AgCl.  
Relative rates compared: Charge density vs. time and ZnO (101) peak area vs. time. 
Charge density was recorded during electrochemical deposition. Relative quantity of ZnO was obtained by 
observing the ZnO (101) Bragg peak area in individual GIXS scans.  
Blue line is a guide to the eye to illustrate best fit trend. 
X-error bars represent the time period taken to record the individual GIXS scan used to obtain the data point. Y-
error bars show the error in the peak area, where peak area was obtained by fitting a Lorentzian curve (R2 > 0.9) 
to the Bragg peak. 
 
 One can see from fig 4.3.7 that the relative rate of charge transferred during 
electrodeposition of ZnO on Au does not correspond very closely with the relative rate of 
crystalline ZnO growth. This is owing to the Faradaic inefficiencies of the electrochemical 
reactions as discussed previously in section 2.3.2, and later in chapter 4.4.1. 
Measurement of the formation of ZnO (A) shows that initially, ZnO grows rapidly, at a 
rate much larger than the rate of charge transfer (Q). Then gradually, the rate of 
deposition slows over time. This gradual rate decrease could be due to: 
 
1. The gradual reduction of [Zn2+] in the diffusion layer because of precipitation, 
making the system increasingly diffusion dependent for ZnO deposition to occur. 
2. The gradual reduction of [NO3-] [O2] and [H2O] in the diffusion layer due to 
consumption, making the system increasingly diffusion dependent. This will result 
in decreasing [OH-], reducing the pH and making ZnO precipitation slower. 
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3. A gradual reduction in the charge transfer kinetics during redox at the electrode 
surface. This could also result in a gradual reduction in [OH-], reducing the pH 
and making ZnO precipitation slower. 
 
Option 2 and 3 are unlikely since the charge transfer graph shows a constant rate of 
redox reactions after the initial acceleration. Option 1 must therefore be more likely. 
Based on morphological studies of this system in section 4.3.1, and the charge transfer 
line in fig 4.3.7, the 3D to 1D transformation is believed to occur approximately near 
instantaneously, therefore before GIXS is able to detect any crystalline material. 
 
 
Fig 4.3.8. Deposition of ZnO on Au using 5 mM Zn(NO3)2 with -900 mV vs. Ag/AgCl.  
Relative rates compared: Charge density vs. time and ZnO (101) peak area vs. time. 
Charge density was recorded during electrochemical deposition. Relative quantity of ZnO was obtained by 
observing the ZnO (101) Bragg peak area in individual GIXS scans.  
Blue line is a guide to the eye to illustrate best fit trend. 
X-error bars represent the time period taken to record the individual GIXS scan used to obtain the data point. Y-
error bars show the error in the peak area, where peak area was obtained by fitting a Lorentzian curve (R2 > 0.9) 
to the Bragg peak. 
 
 In the 5 mM system on Au, shown in fig 4.3.8, a different rate is observed for 
charge transfer. The initial acceleration period in charge transferred lasts ~450 s. This 
corresponds with the time taken for equilibrium to be reached between deposit growth 
and active surface area, as shown in fig 4.3.5. At this point there is a defined change to 
a lower rate of reactions. The rate of ZnO deposition (A) is again not closely correlated 
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with the rate of redox, and hence morphology, showing an initial fast rate of deposition 
before gradually slowing down. This can also be explained as the system gradually 
becoming more dependent on the diffusion of Zn2+ as consumption continues. 
 
 
Fig 4.3.9. In-situ GIXS scans comparing the rate of deposition of ZnO on Au from different concentrations of 
Zn(NO3)2 and hence different morphologies.  
Relative quantity of ZnO was obtained by observing the ZnO (101) Bragg peak area in individual GIXS scans.  
Lines are a best fit guide to the eye to illustrate the trends. 
Y-error bars show the error in the peak area, where peak area was obtained by fitting a Lorentzian curve (R2 > 0.9) 
to the Bragg peak. 
 
 Fig 4.3.9 compares the rate of deposition of ZnO on Au using both 1 mM and 5 
mM Zn(NO3)2. The same pattern can be observed in each, whereby initial growth is 
faster and gradually slows due to increasing Zn2+ diffusion dependence. However, the 5 
mM system has a higher concentration of Zn2+ and NO3-, therefore it undergoes ZnO 
deposition in larger quantities. Given the similarity in shape it implies that both systems 
respond to the influence of Zn2+ diffusion dependence at similar times, but in proportion 
to their own initial concentrations. Differences in the morphologies of each could also 
therefore be explained in terms of rate of deposition, where nanorods form under slow 
growth rates and platelets eventually form under faster growth rates. 
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Fig 4.3.10. Observed ZnO (101) crystal changes during ZnO deposition using 1 mM Zn(NO3)2 on Au. 
Comparison between relative rate of deposition, ZnO d-spacing and crystallite size. 
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO (101) Bragg peaks in individual GIXS spectra, 
and extracting the peak information. Peak area is used to calculate the relative quantity of ZnO. Peak position is 
used to calculate the inter-planar d-spacing. FWHM is used to calculate the crystallite size. 
Y-error bars calculated from the error in peak fitting. 
 
The crystal structure of ZnO deposited in each of these two systems (1 mM and 5 
mM Zn(NO3)2 on Au) has been observed during deposition. Fig 4.3.10 compares the 
relative rates of ZnO deposition, d-spacing and crystallite size changes during deposition 
of ZnO on Au using 1 mM Zn(NO3)2. The results show that as the rods are growing, the 
ZnO (101) crystallite size increases at a slightly slower rate than the rate of deposition. 
This indicates that the rods are polycrystalline, as previously determined. It also shows 
that the average crystallite size continues to increase throughout deposition. It is known 
that ZnO deposits on the surface of ZnO [83]. Since the rod appears to be uniform 
diameter, as shown in fig 4.3.4, one must therefore assume that the bottom of the rod 
consists of large crystallites which become smaller and more prevalent further up the 
rod. This could be related to the growth process perceived to be that of polynucleation 
and coalescence, discussed in section 4.3.1. One interesting observation in fig 4.3.10 is 
that whilst ZnO rods are growing and the crystallites are growing, the ZnO (101) inter 
planar spacing does not change. This shows that regardless of the quantity of ZnO and 
average crystallite size, the average strain within ZnO does not change during 
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deposition. This backs up the idea that ZnO strain is dependent on the substrate used 
and the morphology, as described in section 4.2.3. 
 
 
Fig 4.3.11. Observed ZnO (101) crystal changes during ZnO deposition using 5 mM Zn(NO3)2 on Au. 
Comparison between relative rate of deposition,  ZnO d-spacing and crystallite size. 
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO (101) Bragg peaks in individual GIXS spectra, 
and extracting the peak information. Peak area is used to calculate the relative quantity of ZnO. Peak position is 
used to calculate the inter-planar d-spacing. FWHM is used to calculate the crystallite size. 
Y-error bars calculated from the error in peak fitting. 
 
 Fig 4.3.11 shows the same comparison for ZnO deposited on Au using 5 mM 
Zn(NO3)2. Similar results are found as for the 1 mM system. This time however, the ZnO 
(101) crystallite size appears to optimise after ~2100 s even though ZnO continues to be 
deposited. This could be a result of faster deposition, leading to faster optimisation. 
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Fig 4.3.12. XRD materials analysis of films deposited on Au using 5 mM Zn(NO3)2 and -900 mV vs. Ag/AgCl: 
Time of first Bragg peak appearance for materials found in the deposit. 
 
 Analysis of the materials deposited have so far shown that ZnO forms with good 
purity and stoichiometry. In each case, no significant changes in morphology were 
observed during deposition, other than in the 5 mM Zn(NO3)2 on Au system. In this case 
a morphological change was observed after 20 mins, and impurity compounds (ZnCl2, 
Zn(ClO4)2 and Au3Zn) were detected. By examining the XRD spectra’s obtained by in-
situ GIXS during deposition, one can determine the times at which these impurity 
compounds were first formed. This has been illustrated in fig 4.3.12. One can see that 
ZnO is one of the first materials to be deposited, as expected, and all of the ZnO peaks 
appear within the first few minutes. Au3Zn was also found to be present, although in very 
small quantities. This is believed to be positioned between the Au substrate surface and 
the ZnO deposit. One would therefore assume that it would be one of the first deposits to 
appear. This is the case, however, since ZnO nucleation occurs within the first 4 s, one 
would also assume that the quantity of Au3Zn would reach its maximum is this nucleation 
period. This is not the case, and more Au3Zn Bragg peaks appear throughout the 
deposition. This will be discussed in more detail in sections 4.4.3 and 4.4.4.  
 
Since 5 mM Zn(NO3)2 on Au is the only system of the 4 examined in detail that 
has a distinct morphological change and is also the only one with significant impurities 
present, although still very small in relative quantity, one could theorise that the two facts 
are related. Fig 4.3.12 shows that ZnCl2 is present from the start of deposition and more 
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Bragg peaks appear throughout. Zn(ClO4)2 first appears at ~600 s and several more 
Bragg peaks appear soon after. This shows that impurities are present before the 
morphology change. It has been established that ZnO strain in this system does not 
change during deposition, as shown in fig 4.3.11, and it has been indicated that the 
platelets contain most of the impurities while rods contain most of the ZnO, as described 
in section 4.2.4. Therefore the following theory will be discussed: ‘Morphology changes 
as a result of impurities’, along with a discussion for the formation of impurities. There 
are three possible reasons for the presence of impurities: 
 
1. Morphology. Impurities (such as ZnCl2, Zn(ClO4)2 and Au3Zn) have been shown 
to be present before the morphology changes. Therefore morphology is not a 
cause of the formation of impurities, but rather impurities are associated with 
morphological change. 
2. Strain. It has been shown that ZnO lattice strain is constant throughout deposition 
regardless of the quantities and orientation of impurities increasing and changing 
respectively. However, it was discussed in section 4.2.3 that the possibility of 
epitaxial strain, which varies between substrates and results in internal ZnO 
strain, could make the growth of impurities on the ZnO deposits more favourable.  
3. Concentration of Zn(NO3)2, and hence [Zn2+] and [OH-]. Concentration of 
Zn(NO3)2 is higher in the case where impurities are present (5 mM) than for the 
case where very few impurities were found (1 mM). This factor could therefore be 
a possibility as a cause of the formation of impurities in addition to strain.  
 
Pourbaix diagrams for these impurities have not been found in the literature. 
However, a solubility diagram has been found (figure 4.3.13), illustrating the influence of 
pH and [Zn(II)] on the solubility of ZnO and impurities such as Zn5(OH)8Cl2 in the Zn-Cl-
H2O system. The diagram shows that both ZnO and Zn5(OH)8Cl2 can precipitate, 
however in most cases, ZnO precipitation is most favourable. Considering the 
concentrations of Zn(II) used in this thesis, there is clearly a small range where the 
precipitation of Zn5(OH)8Cl2 is more favourable than ZnO. This range becomes larger as 
[Zn(II)] increases, accounting for the increase in impurities with higher concentrations. 
This finding also agrees with the work of Illy et al. [19] who used Zn(NO3)2. This also 
accounts for the fact that when impurities are present, their quantities can increase over 
time. Since this solubility diagram is for the ZnCl2 system, not Zn(NO3)2, the diffusion 
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layer pH at equivalent Zn2+ concentrations may differ owing to the different balance 
between [OH-] and its consumption by Zn2+. This balance can best be described by the 
Faradaic efficiences. These will be discussed along with aluminium doping data at the 
end of section 4.4.1 in relation to figures 4.4.A and 4.4.B. 
 
 
Fig 4.3.13. The influence of [Zn(II)] and pH on the solubility of ZnO and zinc hydroxychloride precipitates [25]. 
This data is for the Zn-Cl-H2O system, therefore ZnCl2 was used in an oxygenated solution rather than Zn(NO3)2. 
The red lines show the Zn(II) concentrations used in this thesis. The green box illustrates the general pH range 
which is believed to occur in each of the three concentration systems, as described throughout. 
 
During deposition, it has been observed that the quantity of crystalline impurities 
increases. At a given time, a critical impurity concentration must be reached. After this 
critical concentration, the impurities can either begin to grow their own morphological 
structures, or they make ZnO change the way it grows by blocking the (002) face [13], 
creating platelets. Since the quantity of impurities appears to be relatively tiny, as shown 
in the XRD pattern in fig 4.2.7, it is unlikely that the platelets are entirely composed of 
impurities. Therefore the latter idea must be true, whereby the chlorides and 
oxychlorides block the ZnO (002) face, forcing the ZnO to grow laterally into platelets. 
 
 This raises the question of why then the impurities form with the 5 mM Zn(NO3)2 
system when Au is used and not ITO. Cyclic voltammetry measurements in section 4.1.1 
have shown that Au is more activating to redox reactions than ITO. This is summarised 
in table 4.1.1. This results in a larger current density, as shown in fig 4.2.1. The Zn2+ 
concentration will be the same since 5 mM Zn(NO3)2 was used in each case, however, 
since more reduction of O2 and NO3- occurs with an Au substrate, there will be a higher 
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concentration of OH- ions generated in the Au diffusion layer than the ITO diffusion layer. 
This will result in a higher pH (depending on the rate of Zn2+ consumption and hence 
Faradaic efficiency) in the diffusion layer of Au than ITO, affecting the point at which the 
supersaturation and precipitation of zinc oxide, chlorides, oxychlorides and 
hydroxychlorides occurs. This corresponds with the work of Illy et al. who showed that 
increasing the overpotential, and hence [OH-], in a Zn(NO3)2 system results in the 
generation of more Zn5(OH)8Cl2 relative to the quantity of ZnO [19]. 
 
 To summarise this idea and incorporate it with previous discussion in section 
4.2.3, impurities could precipitate when a higher concentration of Zn(NO3)2 is used with 
an Au substrate since the pH is much higher in the diffusion layer than when lower 
concentration Zn(NO3)2 and/or ITO are used. Increased ZnO internal strain in the a,b-
lattice parameter, believed to result from epitaxial strain between ZnO and Au could 
make the growth of these precipitated impurities more favourable on the ZnO (002) face. 
These impurities deposit on the ZnO (002) face and above a critical concentration cause 
ZnO growth to occur laterally [13], resulting in a change in the morphology from rods to 
platelets. 
 
 
4.3.3. Summary 
• It is possible to correlate the current density transient to the nucleation and 
growth deposition mechanism, hence morphology, and observe the length of 
different growth periods. During rod growth a general pattern is observed in 
current density; Region1: Instantaneous redox and current dissipation, resulting 
in a sharp drop in current density. Region 2: Nucleation and growth of 3D islands 
and some nanorods, resulting in increased active surface area and current 
density. Region 3: Further nucleation and growth of 3D islands, with predominant 
1D nanorod growth from the 3D islands, resulting in decreasing active surface 
area and hence current density. Region 4: Equilibrium between rod growth and 
active surface area, resulting in constant current density. However, Faradaic 
efficiency changes between systems and during deposition, therefore the total 
charge transferred and quantity of ZnO during growth do not closely correspond. 
• Increasing the concentration of Zn(NO3)2 from 1 mM to 5 mM when using both 
ITO and Au working electrodes results in several changes: Region 1: Initial 
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charge dissipation is faster owing to a higher NO3- electrolyte concentration. 
Region 2: Nucleation time increases owing to the formation of a higher density of 
nucleation sites. With 1 mM on Au, the nanorod 3D to 1D growth transformation 
occurs near instantaneously, whereas on ITO it is longer owing to the higher 
work of formation of critical nuclei. Region 3: Rate of decrease in current density 
during 1D rod growth is faster owing to a greater density of rods and greater rate 
of active surface area change. Region 4: During equilibrium there is no change in 
current density owing to a constant active surface area. This is regardless of if 
morphology changes to platelets, indicating that there could be change in the 
relative activity of reduction on the new surface.  
• Increasing the overpotential accelerates redox rates and hence ZnO nucleation 
time frame, therefore the rod dimensions are more uniform. It also results in a 
higher density of nucleation sites on which rods can grow. 
• On Au, the rate of deposition gradually slows owing to increasing Zn2+ diffusion 
limitation. At 1 mM the deposition is slower with a lower quantity deposited, 
therefore nanorods form. At 5 mM the deposition is faster with a higher ZnO 
quantity, therefore rods coalesce and platelets can eventually form. In both 
cases, the deposits are polycrystalline with larger crystallites at the bottom and 
smaller at the top, and ZnO strain does not change during deposition. 
• Nanorods grow vertically along the c-axis in stages, where arrays of 3D islands 
and rods grow and quickly coalesce on the ZnO (002) face. Platelets also grow 
by nucleating on the (002) face but growth on the (002) face (c-axis) is inhibited 
therefore, lateral growth is preferred. 
• Morphology changes when the quantities of impurities surpass a critical 
concentration. Polycrystalline ZnCl2 and Au3Zn are present immediately upon 
ZnO deposition - before morphology changes. Zn(ClO4)2 is detected later in the 
deposition. When a higher [Zn(NO3)2] is used, such as 5 mM or 50 mM, or an Au 
substrate is used rather than ITO, pH in the diffusion layer is expected to 
increase, effecting super-saturation, and allowing impurities to precipitate. ZnO 
internal strain, believed to be increased by epitaxial strain, makes impurity growth 
on ZnO favourable. A critical impurity concentration in the deposit must be 
reached, after which chlorides block the ZnO (002) face, inhibiting c-axis growth 
and promoting lateral growth, transforming morphology from nanorods to 
platelets. 
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4.4. Influence of dopant precursor and concentration 
 So far we have attempted to understand the structure of ZnO and how it grows in 
different environments by studying and comparing data such as electrochemical graphs, 
morphological and crystal structure information. This section will attempt to verify that 
aluminium dopant precursor, Al(NO3)3, can be used to successfully dope the ZnO 
deposit in-situ and will attempt to understand the influence of that aluminium precursor 
concentration has on the dopant quantity, impurities, structure and growth of the ZnO 
deposits. This will be achieved by studying the electrochemical current density transient 
curves, morphology using SEM, aluminium dopant quantities using ICP, crystal structure 
and growth using XRD, in-situ GIXS and EXAFS, and chemical composition using a 
TEM cross section coupled with EDX and line mapping.  
 
A variety of Al(NO3)3 concentrations (0-4 molar % aluminium) will be used and 
compared and contrasted with one another. Finally, the influence of doping on the 
electronic structure will be observed using UV-Vis to calculate the light transmission and 
optical band gap, Eg. The previously studied un-doped ZnO will be used as a reference. 
For consistency, the four main established and examined systems will continue to be 
used unless otherwise stated. These are 1 mM Zn(NO3)2 and 5 mM Zn(NO3)2 used for 
deposition on to both Au and ITO. In each of these four systems the solution will consist 
of O2 saturated deionised water with 0.1 M KCl and varying quantities of Al(NO3)3 or 
AlCl3, where deposition occurs using -900 mV vs. Ag/AgCl at 65 oC ± 1 oC. 
 
 
4.4.1. Electrochemical reactions and doping 
 It has been shown that the shape of the current density graphs recorded during 
deposition are related to electrochemical reactions occurring and the active surface area, 
hence morphology of deposits formed. 
 
 190 
 
 
Fig 4.4.1. The influence of Al(NO3)3 on the current density during deposition. 
Deposition on ITO using 1 mM Zn(NO3)2, -900 mV vs. Ag/AgCl at 65 oC. 
 
 Fig 4.4.1 shows a selection of current density graphs recorded during deposition 
on ITO using 1 mM Zn(NO3)2. As previously determined, these conditions should result 
in the formation of ZnO nanorods on the substrate surface. In each case a different 
quantity of aluminium dopant precursor, Al(NO3)3, has been used in the solution. 
Differences in the shape of the current density transients illustrate that the addition of 
Al(NO3)3 has an influence on the electrochemical reactions. Graph a) corresponds with 
ZnO deposition when no Al(NO3)3 is present and has four distinct regions attributed to it; 
initial charge build-up and dissipation, ZnO nucleation, ZnO growth and active surface 
area equilibrated growth, as described in section 4.3.1. The four graphs show the 
greatest changes in regions 3 and 4. When 0.4 % Al(NO3)3 is present in solution, as 
shown by b), region 3 shows a smooth decline in current density before reaching 
equilibrium.  This implies that the rate of growth results in a more gradual decrease in 
active surface area. Increasing the Al(NO3)3 concentration to 0.8 % results in a smooth 
transition between region 3 and 4 so that the point at which equilibrium occurs in not 
clear. This shows that there must be growth occurring in a way which does not alter the 
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active surface area very much. When the concentration of Al(NO3)3 is increased further 
to 3 %, as shown in d), region 3 is not present. Any growth that occurs after the initial 
nucleation does not affect the active surface area. This suggests that presence of 
Al(NO3)3 reduces the change in surface area and promotes equilibrium sooner for 
conditions that should result in the growth of ZnO nanorods.  
 
 
 
Fig 4.4.2. The influence of Al(NO3)3 on the current density during deposition. 
Deposition on ITO using 5 mM Zn(NO3)2, -900 mV vs. Ag/AgCl at 65 oC. 
 
 Fig 4.4.2 shows a similar comparison for deposition on ITO using 5 mM 
Zn(NO3)2. As previously determined, these conditions should also result in the growth of 
ZnO nanorods. In all four cases, the four regions relating to the different growth stages 
can be seen. When Al(NO3)3 is present however, region 3 shows a much faster 
reduction in the current density, indicating a rapid change in the active surface area. The 
point of transformation between region 3 and 4 is also increasingly difficult to determine, 
indicating a gradual transformation to equilibrium. This suggests that the presence of 
Al(NO3)3 increases the change in surface area during growth and promotes a gradual 
transformation to equilibrium. This is the opposite of the influence observed for the 1 mM 
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Zn(NO3)2 system of rods on ITO and indicates that the morphology may be different in 
the 5 mM system when Al(NO3)3 is present. Since these altered graphs resemble the 
shape seen in fig 4.3.5, for the growth of rods with platelets on top, one may expect a 
similar morphology to be present. Morphology will be discussed in section 4.4.2. Given 
that we anticipate a change in morphology from rods to platelets when Al(NO3)3 is 
present, one could also expect that crystalline impurities may also be present. 
 
 
Fig 4.4.3. The influence of Al(NO3)3 and Zn(NO3)2 on the total charge transferred during deposition. 
Deposition on ITO using 1 mM and 5 mM Zn(NO3)2, -900 mV vs. Ag/AgCl for 20mins. 
Total charge transferred is an average value from 2 repeats. The y-error bars represent the range in total charge 
transferred between repeats. 
 
 The influence of Al(NO3)3 on the total charge transferred during deposition on 
ITO has been shown in fig 4.4.3. Both the 1 mM and 5 mM systems show the same 
pattern. The 1 mM results are less consistent due to the large levels of noise, as seen in 
fig 4.4.1. Clearly, as the concentration of Al(NO3)3 increases, the total charge transferred 
decreases until ~1 %, then plateaus. This indicates that Al(NO3)3 could have an 
influence on the redox reactions occurring by limiting the total charge transferred. This 
will be discussed throughout the section. 
 
Since Al(NO3)3 is being used as the Al dopant precursor, the change in current 
density can either be a result of increased levels of NO3- in solution, or the presence of 
Al3+. In order to examine this further, deposition has also been carried out using AlCl3 as 
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the dopant precursor for comparison, since the bulk solution already contains 0.1 M Cl- 
ions. At dopant level concentrations, using AlCl3 will neither significantly change [Cl-] in 
the deposition solution nor introduce new variables to the system. Figs 4.4.4 and 4.4.5 
show the total charge density during deposition on ITO using 1 mM Zn(NO3)2 and 5 mM 
Zn(NO3)2 respectively. In each case, the influence of Al3+ and NO3- are examined by 
comparing the total charge transferred when 0 % Al, 4 % AlCl3 and 4 % Al(NO3)3 have 
been added to the deposition solution. If one was to expect the only influence in the 
charge density to be from the addition of further nitrate ions, the total charge density for 
0 % Al and 4 % AlCl3 would be equal, and the total charge density for Al(NO3)3 would be 
larger, since nitrate ions undergo redox and hence will contribute more current. If one 
was to expect the only influence to be from Al3+, the total charge density of AlCl3 and 
Al(NO3)3 would be equal to one another and different to 0 % Al. 
 
 
Fig 4.4.4. The influence of Al3+ and NO3- on the total charge transferred during deposition. 
Deposition using 1 mM Zn(NO3)2 and an ITO substrate. 
 Fig 4.4.4 shows that neither Al3+ nor NO3- provide sole influence to the charge 
density. The presence of Al3+ correlates with a disproportionately large reduction in the 
charge density generated during deposition. This indicates that Al3+ hinders reduction 
reaction kinetics. It is unlikely that additional Cl- from AlCl3 also hinders redox by 
adsorption on the ZnO (002) surface in this case since the % increase in [Cl-] is 
negligible (0.12 % at 4 % AlCl3). This influence therefore could either be through 
coupling in solution, forming a surface impurity layer or reducing the conductance of the 
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deposit, the latter two being surface effects which could change the energy required for 
redox to occur or gradually limit the rate of charge transferred. Fig 4.4.4 shows a 
constant rate of redox during deposition, implying that surface energy is either constant 
or non-limiting on the rate of charge transfer. Cyclic voltammetry has shown that 
Al(NO3)3 lowers redox potentials, hence the reduction kinetic barrier. This implies that 
the lower rate of redox reactions could be a result of the Gibbs free energy 
(thermodynamics). As expected, the influence of increased NO3- concentration resulted 
in an increased charge density due to the higher concentration of NO3- ions available for 
reduction. 
 
 
Fig 4.4.5. The influence of Al3+ and NO3- on the total charge transferred during deposition. 
Deposition using 5 mM Zn(NO3)2 and an ITO substrate. 
 
 The same result is true for deposition on ITO using 5 mM Zn(NO3)2. However, the 
shape of the charge density transferred is different when Al3+ is present, showing a 
gradual reduction in the rate of charge transfer. This could be due to the formation of 
impurities or a change in active surface area, limiting the rate of charge transfer. In this 
case, the increase in total charge density during deposition resembles that of deposition 
on Au using 5 mM Zn(NO3)2 shown in fig 4.3.8, where impurities were present and 
platelets were deposited on top of rods. This indicates that the same morphology could 
also occur during deposition on ITO when Al3+ is present. A similar study will now be 
done for deposition on Au using 1 mM and 5 mM Zn(NO3)2. 
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Fig 4.4.6. The influence of Al(NO3)3 on the current density during deposition. 
Deposition on Au using 1 mM Zn(NO3)2, -900 mV vs. Ag/AgCl at 65 oC. 
 
 Fig 4.4.6 shows by comparison, the influence of Al(NO3)3 on current density 
during deposition of ZnO on Au from 1 mM Zn(NO3)2. Unlike the case of deposition on 
ITO, no significant change is seen in the current density when the concentration of 
Al(NO3)3 is increased from 0 % to 4 %, indicating that there is very little change in the 
active surface area between samples and during growth. 
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Fig 4.4.7. The influence of Al(NO3)3 on the current density during deposition. 
Deposition on Au using 5 mM Zn(NO3)2, -900 mV vs. Ag/AgCl at 65 oC. 
 
 By comparison, fig 4.4.7 shows the influence of Al(NO3)3 on current density 
during deposition of ZnO on Au using 5 mM Zn(NO3)2. In each case, region 3 shows a 
large decrease in current density, indicating the possible formation of a mixed 
morphology such as platelets on rods, as before. When Al(NO3)3 is present, the 
transformation to equilibrium is gradual. This finding corresponds with that when ZnO is 
grown on ITO using 5 mM Zn(NO3)2. 
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Fig 4.4.8. The influence of Al(NO3)3 and Zn(NO3)2 on the total charge transferred during deposition. 
Deposition on Au using 1 mM and 5 mM Zn(NO3)2, -900 mV vs. Ag/AgCl for 20 mins. 
Total charge transferred is an average value from 2 repeats. The y-error bars represent the range in total charge 
transferred between repeats. 
 
 Observation of the influence of Al(NO3)3 concentration on the total charge 
transferred after 20 minutes is shown in fig 4.4.8 for deposition on Au. Like for ITO, 
shown in fig 4.4.3, the 1 mM and 5 mM systems show a similar pattern to one another. 
As for ITO, the 1 mM system shows a reduced consistency due to large levels of noise in 
this low concentration system. The total charge transferred gradually increases as more 
Al(NO3)3 is present in solution. This is however the opposite of that found in ITO, as 
shown in fig 4.4.9. This will now be discussed. 
 
 
Fig 4.4.9. The influence of Al(NO3)3 and substrates on the total charge transferred during deposition. 
Deposition on both ITO and Au using 5 mM Zn(NO3)2, -900 mV vs/ Ag/AgCl for 20 mins. 
Total charge transferred is an average value from 2 repeats. The y-error bars represent the range in total charge 
transferred between repeats. 
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 When depositing on Au using 1 mM Zn(NO3)2, the only change to the deposition 
solution is the quantity of Al(NO3)3. One can therefore initially assume that the only 
changes to the charge density can come from either Al3+ or NO3-. 
 
 
Fig 4.4.10. The influence of Al3+ and NO3- on the total charge transferred during deposition. 
Deposition using 1 mM Zn(NO3)2 and an Au substrate. 
 
 The total charge transfer during deposition of ZnO rods on Au using 1 mM 
Zn(NO3)2 is shown in fig 4.4.10. The influence of Al3+ and NO3- can be observed through 
comparison between 3 systems, one with 0 % Al, one with 4 % AlCl3 and one with 4 % 
Al(NO3)3. Clearly, when AlCl3 is added to the solution, the charge density is suppressed 
by Al3+, indicating the same process as for ITO. However, the use of Al(NO3)3 increases 
the overall concentration of NO3- ions. Since it is known that Au is more activating to 
NO3- redox than ITO, it will generate more overall charge than the equivalent ITO 
system, creating the illusion in fig 4.4.9 that increasing the Al3+ concentration increases 
the total charge transferred. Like for deposition on ITO, this shows that both Al3+ and 
NO3- are responsible for changes in the total charge transferred and neither factor has 
sole influence. 
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Fig 4.4.11. The influence of Al3+ and NO3- on the total charge transferred during deposition. 
Deposition using 5 mM Zn(NO3)2 and an Au substrate. 
 
 In the case of 5 mM Zn(NO3)2 with Au, shown in fig 4.4.11, a difference is 
observed in comparison to the other three systems (1 mM Zn(NO3)2 with Au and ITO, 5 
mM Zn(NO3)2 with ITO). Increase in the concentration of NO3- results in increased 
charge transfer, as expected. However, the presence of Al3+ results in a slightly elevated 
total charge transfer. It has been demonstrated in fig 4.2.3 that when 5 mM Zn(NO3)2 is 
used with Au, platelets grow on top of the rods. This is different from the other 3 systems 
where only rods have been expected to grow. So far we have assumed that the only 
influence on total charge transferred during deposition has been from Al3+ and NO3-. The 
findings from fig 4.4.11 indicate that a third factor could also have an influence – 
morphology – where morphology is believed to be dependent on the substrate and 
Zn(NO3)2 concentration due to the influence they have on pH, ZnO strain and impurity 
levels. The actual morphological findings will be discussed in section 4.4.2. 
 
 
Quantity of aluminium-doping achieved: 
 Once electrochemical deposition has been performed, it is important to confirm if 
aluminium doping has occurred and to what extent. The quantity of aluminium in each 
deposit has been examined using ICP-MS, where the percentage of aluminium is 
calculated from its ppm in relation to the ppm of zinc in each sample. Figure 4.4.12 
shows the relationship between the atomic % aluminium in solution (sourced from 
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Al(NO3)3) and the % aluminium found in the deposit after 60 minutes of deposition. Each 
of the four systems have been compared:  
 
 
Fig 4.4.12 The relationship between % aluminium in solution and % aluminium in deposit after 60 minutes: 
The four systems compared. 
Data obtained from ICP-MS chemical analysis after putting both the sample and substrate in acid to ensure all the 
deposit was dissolved. Quoted data is an average from 2 different sample sets with 5 runs per sample. 
Y-error bars calculated from the quantity of aluminium which could be in solution owing to the dissolution of 
aluminium from the substrate itself. 
 
 Fig 4.4.12 illustrates that using Al(NO3)3 in the electrochemical deposition 
solution does result in aluminium being incorporated into the deposit and that increasing 
the quantity in solution linearly increases the quantity in the deposit. In the case of the 1 
mM Zn(NO3)2 systems (nanorods), the ratio between % aluminium in the deposit and % 
aluminium in the solution is roughly 1:1. In the case of the 5 mM Zn(NO3)2 systems 
(platelets on nanorods), the relationship shows that there is far more aluminium in the 
deposit than the solution, being ~ 7 times more for deposits on Au and ~ 21 times more 
for deposits on ITO at 4 % Al(NO3)3. A full discussion of this data can be found in section 
4.4.4 in relation to the forthcoming data. 
 
 It has been established that using Al(NO3)3 in the deposition solution results in 
the incorporation of aluminium into the deposit. However, it is important to understand 
how the aluminium has been incorporated into the crystalline deposits, and any impact 
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this has on morphology and ZnO crystal structure, growth and properties. These issues 
will now be studied. 
 
 
Faradaic efficiencies: 
In order to understand the impact that [Zn(NO3)2] [Al(NO3)3] and substrate has on 
the balance between the total charge generated during redox and the total mass of ZnO 
deposited, the Faradaic efficiencies have been calculated. These findings are illustrated 
in figures 4.4.A  and 4.4.B for deposition on ITO and Au respectively, each separately 
illustrating the 1 mM and 5 mM Zn(NO3)2 systems. 
 
 
                  
Fig 4.4.A. Faradaic efficiencies, total mass deposited and total charge transferred: Deposition on ITO for 60 mins 
using 1 mM Zn(NO3)2 or 5 mM Zn(NO3)2, -900 mV vs Ag/AgCl, with or without Al(NO3)3. 
a and c) The influence of % Al(NO3)3 in solution on the average total mass deposited (M) and average total charge 
transferred (Q). b) and d) The influence of % Al(NO3)3 in solution on the Faradaic efficiencies. a) and b) Deposition 
on ITO for 60 mins using 1 mM Zn(NO3)2, with and without Al(NO3)3. c) and d) Deposition on ITO for 60 mins using 
5 mM Zn(NO3)2, with and without Al(NO3)3. 
Error bars for total mass deposited calculated from the error in the ICP-MS Zn ppm. Error bars for total charge 
transferred calculated from the range in values after taking an average reading. Error in Faradaic efficiencies 
calculated by applying the errors of total mass and total charge transferred to the Faradaic efficiency equation.  
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Fig 4.4.B. Faradaic efficiencies, total mass deposited and total charge transferred: Deposition on Au for 60 mins 
using 1 mM Zn(NO3)2 or 5 mM Zn(NO3)2, -900 mV vs Ag/AgCl, with or without Al(NO3)3. 
a and c) The influence of % Al(NO3)3 in solution on the average total mass deposited (M) and average total charge 
transferred (Q). b) and d) The influence of % Al(NO3)3 in solution on the Faradaic efficiencies. a) and b) Deposition 
on Au for 60 mins using 1 mM Zn(NO3)2, with and without Al(NO3)3. c) and d) Deposition on Au for 60 mins using 5 
mM Zn(NO3)2, with and without Al(NO3)3. 
Error bars for total mass deposited calculated from the error in the ICP-MS Zn ppm. Error bars for total charge 
transferred calculated from the range in values after taking an average reading. Error in Faradaic efficiencies 
calculated by applying the errors of total mass and total charge transferred to the Faradaic efficiency equation.  
 
 In all of these systems, the Faradaic efficiency is dependant on the total ZnO 
mass deposited and the total charge transferred, as described by equation 3.1.3. There 
are many factors which could individually affect these two parameters by affecting the 
formation of ZnO at any stage in the process leading to its deposition. These factors 
compete with one another, thus altering the Faradaic efficiency. These factors are: 
 
• [NO3-] and [O2]. The concentration of redox reactants will affect the overall rate of 
diffusion to the substrate and quantity of OH- generated. This could affect the 
total charge transferred and also potential the quantity of ZnO deposited. 
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• NO3- and O2 activity. Once the redox reactants have diffused to the substrate 
(cathode) surface, the rate at which they themselves can be reduced will affect 
the total charge transferred. This could alter with different electrodes, affecting 
the total charge transferred and potentially the quantity of ZnO deposited. 
• Al3+ activity. When the system is Al-doped, Al3+ can activate reduction reactions. 
This could alter the quantity of charge transferred. It could also influence the 
quantity of ZnO precipitated through altering OH- production. 
• Substrate resistivity and surface energy. The resistivity of the substrate could 
have a limiting affect on the charge transferred to the substrate surface in order 
for redox to occur. Depending on its surface energy, the substrate surface could 
interact differently with different redox reactants, altering the charge transfer 
kinetics of redox reactions. This could therefore affect the total charge 
transferred, OH- production and the mass of ZnO precipitated. 
• Deposit resistivity and surface energy. Depending on the material being 
deposited, the resistivity and surface energy of the deposit could alter. This 
means that Al-doping, impurity formation and morphology could all play roles in 
affecting the charge transfer reaction kinetics, total charge transferred, OH- 
precipitation ad hence mass of ZnO deposited.  
•  [Zn(II)]. Concentration of Zn(II) could influence the charge transfer kinetics of 
NO3- reduction, hence total charge transferred and OH- production. The 
concentration of Zn(II) could also affect the rate of reactions with OH-, thus 
affecting the mass of ZnO deposited. 
 
 
4.4.2. Morphology 
 The morphology of ZnO deposits have been observed after 60 minutes of 
deposition for each of the four systems and the influence of Al(NO3)3 concentration in 
each system has been observed, measured and discussed. In one case, morphological 
evolution during the deposition period has also been observed.  
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Fig 4.4.13. The influence of Al(NO3)3 on ZnO morphology. Deposited on ITO using 1 mM Zn(NO3)2.  
a) 0 % Al(NO3)3. b) 0.2 % Al(NO3)3. c) 0.6 % Al(NO3)3. d) 2 % Al(NO3)3.  
Inset: Image of sample tilted at 45 o with the same magnification as larger image. 
 
 It is known that the use of 1 mM Zn(NO3)2 to deposit ZnO on ITO results in the 
formation of nanorods and is expected to do so when Al(NO3)3 is present. This is 
demonstrated in fig 4.4.13. As the quantity of Al(NO3)3 in solution increases, a subtle 
influence on morphology can be observed. Appendix D illustrates the full set of SEM 
images of these deposits acquired after using between 0-4 molar % Al(NO3)3. Where 
undoped nanorods grow as singular upright columns, the influence of increasing 
aluminium doping causes the nanorods to appear to grow increasingly as tilted or flat 
‘bunches’, creating a ‘fan-like’ appearance. This bunching effect shows rods growing 
outward from a single central column. This effect is most likely due to twinning in the 
ZnO crystal. Fig 4.4.14 demonstrates how twinning can result in these ‘fanned-out 
bunches’ by considering an ideal ZnO wurtzite crystal. 
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Fig 4.4.14. Twinning in a wurtzite ZnO crystal [218]. ● = Zn2+ ions. O2- ions not shown. 
 
  In this example, the structure of the ZnO (110) face is shown. Running along this 
face is the c-axis, which in the case of a nanorod is also the direction of rod growth. 
Where a twinning boundary occurs, there is a reflection in the crystal structure and 
hence the rod begins to grow outward at a different angle. If the angle of the twinning 
boundary is altered, so will be the relative direction of growth of the twinned crystal, 
leading potentially to a variety of possible growth angles. Multiple twinning boundaries at 
different angles must be occurring in the Al-doped rods for the bunched and fanned 
effects to occur.  
 
 
Fig 4.4.15. The influence of Al(NO3)3 on the average ZnO rod diameter. 
ZnO deposited using 1 mM Zn(NO3)2 on ITO with -900 mV vs. Ag/AgCl at 65 oC for 60 mins. 
Diameter is averaged from the diameters of 20 randomly chosen nanorods, as observed by SEM. 
Y-error bars show the range of diameters obtained in each set of conditions. 
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Further observation of the morphology shows that the density of the rods and 
diameter also appears to change with Al(NO3)3 content. The average rod diameter has 
been quantified in fig 4.4.15. This shows that increasing the content of Al(NO3)3 in 
solution results in a gradually decreasing average diameter. Although the density of the 
rods can not be accurately quantified due to the bunching effect, one can clearly see that 
the density increases with Al(NO3)3 content. This indicates that if lateral growth and 
hence rod diameter is limited, the system compensates by producing more rods.  
 
  
  
Fig 4.4.16. The influence of Al(NO3)3 on ZnO morphology. Deposited on Au using 1 mM Zn(NO3)2. 
a) 0 % Al(NO3)3. b) 0.2 % Al(NO3)3. c) 0.6 % Al(NO3)3. d) 2 % Al(NO3)3.  
 
 An observation of the morphology of rods grown on Au from 1 mM Zn(NO3)2 is 
summarised in fig 4.4.16. Appendix E illustrates the full set of SEM images of these 
deposits acquired after using between 0-4 molar % Al(NO3)3. As the quantity of Al(NO3)3 
in solution increases, there is no change seen in the type of morphology. Each case 
shows that vertically well aligned rods have grown and there are no bunching or fanning 
effects observed. Therefore there is no visible twinning taking place due to the presence 
of Al3+. This is in contrast to the rods grown on ITO and indicates that there may be a 
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different mechanism for the uptake of Al3+ while rods are growing on Au. This will be 
investigated further in section 4.4.3.  
 
 
Fig 4.4.17. The influence of Al(NO3)3 on the average ZnO rod diameter. 
ZnO deposited on Au using 1 mM Zn(NO3)2 with -900 mV vs. Ag/AgCl at 65 oC for 60 mins.  
Diameter is averaged from the diameters of 20 randomly chosen nanorods, as observed by SEM. 
Y-error bars show the range of diameters obtained in each set of conditions. 
 
 One can also see a change in the average diameter and density of rods. This has 
been quantified in fig 4.4.17. Once 0.2 % Al(NO3)3 has been added to the solution, the 
average diameter of the rods decreases from ~110 nm to 70 nm. This suggests that the 
lateral growth of rods has become limited. As the quantity of Al(NO3)3 increases, the 
average diameter begins to increase towards its original value. This suggests that there 
is a change in the nanorod aluminium uptake between 0.2 - 2 % Al(NO3)3. This could be 
due to altered factors such as growth rates, the quantity of Al3+ in the deposit, and other 
impurity content. 
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Fig 4.4.18. The influence of Al(NO3)3 and substrate on average rod diameter.  
Diameter is averaged from the diameters of 20 randomly chosen nanorods, as observed by SEM. 
Y-error bars show the range of diameters obtained in each set of conditions. 
  
Comparison of the average rod diameter found on ITO and Au is shown in fig 
4.4.18. A substrate dependent difference can clearly be observed which has resulted in 
a different response to the growth of ZnO rods when Al(NO3)3 is present. Regardless of 
this substrate influence, the rod diameter appears to begin converging when the 
concentration of Al(NO3)3 goes above 0.4 %, and finally converges at 4 %. While it is has 
been demonstrated that the substrate has a degree of control over the deposition and 
growth of ZnO, fig 4.4.18 shows that Al(NO3)3 increasingly dominates control of the 
morphology and hence deposition and growth. 
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Fig 4.4.19. The influence of Al(NO3)3 on ZnO morphology. Deposited on ITO using 5 mM Zn(NO3)2. 
a) 0 % Al(NO3)3. b) 0.2 % Al(NO3)3. c) 0.6 % Al(NO3)3. d) 2 % Al(NO3)3.  
 
 The influence of Al(NO3)3 can be observed in fig 4.4.19, where 5 mM Zn(NO3)2 
has been used to deposit ZnO on ITO. Appendix F illustrates the full set of SEM images 
of these deposits acquired after using between 0-4 molar % Al(NO3)3. Where no 
Al(NO3)3 is present, the deposit forms coalesced rods. However, when Al(NO3)3 is 
introduced, platelets begin to grow over the rods. As discussed in section 4.3.2, the 
formation of platelets corresponds with the presence of impurities which cause the ZnO 
growth mechanism to change. Only when Al(NO3)3 is introduced to the system do these 
platelets appear. As the concentration of Al(NO3)3 increases, the quantity of the platelets 
also appears to increase. In addition, the platelets also appear to become smaller as 
they become denser. This follows the pattern observed in the growth of rods on ITO, 
where the diameter decreases as the density increases.  
 
These morphologies are also consistent with the current density graphs shown in 
fig 4.4.2, which indicated that Al(NO3)3 causes a change in morphology from rods to a 
mixed state with both rods and platelets present when 5 mM Zn(NO3)2 is used. 
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Fig 4.4.20. The influence of Al(NO3)3 on ZnO morphology. Deposited on Au using 5 mM Zn(NO3)2. 
a) 0 % Al(NO3)3. b) 0.2 % Al(NO3)3. c) 0.6 % Al(NO3)3. d) 2 % Al(NO3)3.  
Inset shows high magnification Image. 
 
 Similar findings are observed for the deposition of ZnO on Au using 5 mM 
Zn(NO3)2, shown in fig 4.4.20. Appendix G illustrates the full set of SEM images of these 
deposits acquired after using between 0-4 molar % Al(NO3)3. In the undoped system, 
platelets are believed to exist over the rods because of ZnxOyClz impurities. These 
platelets appear to increase in quantity and density once Al(NO3)3 is introduced to the 
solution. When Al(NO3)3 is present, the impurities causing the formation of platelets 
could be related to ZnxOyClz and/or Al(NO3)3. As for previous observations, when the 
density of platelets increases, their average size decreases. The platelets also appear to 
become less hexagonal and more round, indicating a change in the crystallinity, possibly 
due to an enhanced quantity of impurities. Unexpectedly, at higher concentrations of 
Al(NO3)3 these platelets begin to stack, as shown in fig 4.4.20 d) inset. This indicates 
that growth on the ZnO (002) face could become easier, implying that there is now a 
relatively different ZnO (002) surface energy than when non-stacked platelets grow. This 
could be related to crystalline impurities or adsorption of solution species onto the 
surface. To gain a better understanding of morphological changes occurring through the 
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addition of Al(NO3)3, the crystal structure and materials will be analysed in section 4.4.3 
for each of the four systems with variable Al3+ doping.  
 
The morphological evolution of aluminium doped deposits has been observed by 
SEM and related to the current density transient curve, as shown in fig 4.4.21. The case 
of 5 mM Zn(NO3)2 with Au has been chosen since this system presents the biggest 
change both during morphological evolution and when aluminium is introduced. Doping 
has been achieved using 2 molar % Al(NO3)3. 
 
   
 
   
Fig 4.4.21. Morphological evolution of ZnO on Au and the current density transient curve. 
Deposited using 5 mM Zn(NO3)2 with 2 % Al(NO3)3 and -900 mV vs. Ag/AgCl.  
SEM images: a) 1 min. b) 2 min. c) 4 min. d) 8 min. e) 20 min. f) 60 min.  
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 One can see that the current density graph is slightly different from that when 0 
% Al(NO3)3 is used, shown in figures 4.3.5 and 4.4.7. Region 1 and 2 are 6 s and 22 s 
respectively. These values are slightly larger than for the system with no aluminium, 
implying that the presence of Al(NO3)3 in solution allows more ZnO nuclei to form. This is 
illustrated by image a) in region 2, where after 1 min a very high density of nucleation 
sites has formed. Region 3 shows a rapid decline in the current density caused by the 
growth of a large quantity of material which rapidly reduces the active surface area. This 
is illustrated in image b) and c). Typically, current density transients measured during 
deposition with 0 % Al(NO3)3 show a clear change between region 3 and 4. When 
Al(NO3)3 is in solution however, a more gradual change is observed. This gradual 
change in current density corresponds with the gradual transformation in morphology, 
seen to begin at 4 minutes in image c). This transformation shows that rods were 
growing, but platelets began to grow over the top before they were coalesced. This is in 
contrast to the system with no aluminium, shown in fig 4.3.5, where platelets appeared to 
begin growing after coalescence. Since the platelets form a non-dense film over the 
rods, one can assume that the rods may still grow, hence providing a smooth 
transformation in the growth mechanism rather than a sudden change. This results in a 
mixed morphology state. The system begins to move towards equilibrium at ~468 s, 
when platelet growth appears to become dominant, as shown by images d) e) and f).  
 
 
4.4.3. Crystal structure 
 Sections 4.4.1 and 4.4.2 have so far shown that Al(NO3)3, and hence Al3+ and 
NO3-, has an influence on the electrochemistry and morphology during deposition. This 
section will now try to understand the influence that Al(NO3)3 and doping has on the 
crystal structure and growth of the deposits using XRD, in-situ GIXS and EXAFS, by 
systematically studying each of the four systems in turn (1 mM Zn(NO3)2 with ITO, 5 mM 
Zn(NO3)2 with ITO, 1 mM Zn(NO3)2 with Au, 5 mM Zn(NO3)2 with Au). 
 
 
Rods grown on ITO using 1 mM Zn(NO3)2: 
 X-ray diffraction has been performed on the ITO substrate and samples grown on 
ITO using 1 mM Zn(NO3)2 to understand the influence that variable concentrations of 
Al(NO3)3 have on the crystalline materials present, and their structure. Their spectra are 
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summarised in fig 4.4.22. The corresponding Bragg peaks of materials contained within 
the samples are also shown. 
 
 
Fig 4.4.22. XRD spectra: The influence of Al(NO3)3. 
ZnO rods grown on ITO using 1 mM Zn(NO3)2. *=ITO substrate peak. 
 
 The spectra show that ZnO is present in the deposit regardless of the % Al(NO3)3 
in solution. At 0 % Al(NO3)3, the ZnO is preferentially (002) orientated with low levels of 
poly-crystallinity. However, one can see that as the % Al(NO3)3 in solution increases, 
ZnO becomes less textured, with a lower degree of orientation and poorer (002) 
preference. At 0.4 % Al(NO3)3, a small quantity of another phase can be seen. This could 
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correspond with Zn(ClO4)2. These impurities correspond with the formation of a small 
quantity of platelets over the rods, as seen in appendix D.  
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Table 4.4.1. Crystalline materials present: The influence of Al(NO3)3. 
ZnO rods grown on ITO using 1 mM Zn(NO3)2. Grey shading=Presence certain. 
 
 By correlating the crystalline material XRD data with the % Al(NO3)3, one can see 
the conditions required for each material and texture to be present. Table 4.4.1 
summarises this information. Clearly, Al(NO3)3 does not stop ZnO being formed, nor 
does it influence the type of poly-crystallinity. One can however see that at 0.4 % 
Al(NO3)3, there is an impurity material which is textured. This has been associated with 
small numbers of ZnO platelets over the rods. 
 
 
Fig 4.4.23. ZnO crystal texture and orientation: The influence of Al(NO3)3. 
 ZnO rods grown on ITO using 1 mM Zn(NO3)2. 
Peak area obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO Bragg peaks in the XRD spectra of ex-situ 
samples, and extracting peak information. 
Y-error bars calculated from the error in peak area due to peak fitting with a Lorentzian curve. 
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 The influence of Al(NO3)3 on the ZnO orientation and degree of poly-crystallinity 
can be quantitatively analysed by observing the ratio between ZnO Bragg peak areas. 
The preferred (002) orientation of ZnO, shown in fig 4.4.23, rapidly decreases as the % 
Al(NO3)3 increases. Since the type of poly-crystallinity was shown to be unaffected by 
Al(NO3)3 in table 4.4.1, one can determine that the quantity of ZnO polycrystalline 
orientations increases with Al(NO3)3. This shows that deposition and growth of ZnO 
crystals are increasingly disrupted by Al(NO3)3 and/or aluminium doping.  
 
 
Fig 4.4.24. Average ZnO (002) crystal structure: The influence of Al(NO3)3. 
ZnO rods grown on ITO using 1 mM Zn(NO3)2. 
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO Bragg peaks in individual ex-situ XRD spectra, 
and extracting the peak information. Peak position is used to calculate the inter-planar d-spacing. FWHM is used 
to calculate the crystallite size. 
Y-error bars calculated from the errors in peak fitting. XRD scans done in continous mode, therefore there is no 
error owing to step size. 
 
 To understand how this disturbance is occurring to the crystallinity, one must 
examine the structure and growth of the crystals in greater depth. Fig 4.4.24 shows the 
influence that Al(NO3)3 has on the ZnO (002) crystallite size and inter-planar d-spacing. 
Within the margin of error, one can see that Al(NO3)3 has little or no influence on the 
ZnO (002) crystallite size or the inter-planar d-spacing. This pattern is also true for ZnO 
(101) and {100} (not shown). This indicates that Al(NO3)3 does not disrupt the crystal 
structure of ZnO. One can therefore assume that Al(NO3)3 only disrupts the growth of 
ZnO. 
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 Further discussion about the atomic arrangement can be found in appendix H, 
whereby Zn-Zn and Zn-O inter-atomic distances have been obtained using ex-situ 
EXAFS for this system with 0 – 4 molar % Al(NO3)3 in the deposition solution. 
 
 
Rods and Platelets grown on ITO using 5 mM Zn(NO3)2: 
 A similar structural study has been carried out on samples deposited on ITO 
using 5 mM Zn(NO3)2 with 0-4 molar % Al(NO3)3. The results are discussed below. XRD 
patterns for the ITO substrate, samples and the corresponding Bragg peaks of materials 
contained in the samples are shown in fig 4.4.25. 
 
 
Fig 4.4.25. XRD spectra: The influence of Al(NO3)3. 
Deposits grown on ITO using 5 mM Zn(NO3)2. 
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 When there is 0 % Al(NO3)3 in solution, only ZnO is seen to be deposited. The 
ZnO is hexagonal wurtzite and polycrystalline although there is a very strong preference 
for (002) orientation. The addition of 0.2 % Al(NO3)3 in solution results in an immediate 
and significant reduction in the orientation of ZnO. ZnO (002) is no longer the preference 
orientation and there is a large increase in the degree of poly-crystallinity and 
randomisation of orientation. This corresponds with changes observed in the 
morphology, shown in fig 4.4.19. At 0 % Al(NO3)3, ZnO forms coalesced rods, however 
the addition of Al(NO3)3 to the solution causes a change towards randomly orientated 
platelets, where (002) growth is suppressed. The transformation of morphology from 
rods to platelets has been related to the existence of impurities within the deposit. 
Impurity crystallites have also been observed in this case. The impurity Bragg peaks 
correspond with tetragonal ZnCl2 (ICDD code: 01-074-0517), tetragonal Zn(ClO4)2 (ICDD 
code: 00-041-0120), rhombohedral Zn5(OH)8Cl2.H2O (ICDD code: 00-007-0155) and 
orthorhombic Al2O3 (ICDD code: 01-088-0107), where it is certain that all of these 
impurities are present given that together they account for all the Bragg peaks observed. 
Appendix I summarises the standard crystallographic information about crystalline 
materials detected in the deposits. None of these impurities are hexagonal. The 
incongruence between Bravais lattices contained within the deposit could account for the 
disruption seen in the ZnO orientation and morphology. Furthermore, increased quantity 
of Al(NO3)3 results in a gradual decrease in the quantity of crystalline material, where 
when Al(NO3)3 > 2 %, very little crystallinity can be seen in the deposit. Given that SEM 
images in fig 4.4.19 illustrate increasing quantity of deposit, this indicates that the 
presence of Al(NO3)3 not only disturbs the growth of ZnO crystals but eventually 
decreases the relative quantity of crystalline material present, possibly towards that of an 
amorphous state. This is plausible given that in addition to the presence of crystalline 
impurities, there is also 66 % aluminium in the deposit (using 4 % Al(NO3)3), which is 
equivalent to ~ 21 times more aluminium than in the equivalent 1 mM Zn(NO3)3 system, 
as shown in fig 4.4.12. This could result in disruption to long range ZnO order. 
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 % Al(NO3)3 in solution 
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Table 4.4.2. Crystalline materials present: The influence of Al(NO3)3. 
Deposit grown on ITO using 5 mM Zn(NO3)2. 
Triangular brackets=Multiple possibilities for Bragg peak. Grey shading=Presence of material certain. 
 
Table 4.4.2 correlates % Al(NO3)3 with detected crystalline materials and their 
faces. It again illustrates that the addition of aluminium results in polycrystalline 
impurities and that from 2 % Al(NO3)3, polycrystallinity begins to decrease in spite of 
decreasing quantity of ZnO crystalline material.  
 
 One can see that ZnO is present regardless of the % Al(NO3)3 in solution. All 
detected impurities only occur when Al(NO3)3 is used in solution, correlating with the 
morphology change from rods to platelets. Fig 4.4.26 shows a quantitative analysis and 
comparison of the influence that Al(NO3)3 has on ZnO (002) orientation preference and 
the quantity of ZnO (002) in relation to the following impurities: Zn(ClO4)2 (302) and 
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Zn5(OH)8Cl2.H2O (021). These impurities were selected since their peaks coincide with 
the single largest independent impurity peak observed in the XRD spectra. 
 
 
Fig 4.4.26. ZnO texture and orientation compared with relative impurity levels: The influence of Al(NO3)3. 
Deposit grown on ITO using 5 mM Zn(NO3)2.  
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to Bragg peaks in individual ex-situ XRD spectra, and 
extracting the peak information. Peak area is used to calculate the relative quantity of ZnO. Ratios are taken to 
observe the relative changes in material quantity, texture and crystallite orientation. 
Y-error bars calculated from the error in peak area fitting.  
 
 One can clearly see that at 0 % aluminium, ZnO (002) is the preferential 
orientation. Once Al(NO3)3 is added to the solution, impurities form and immediately 
reduce ZnO (002) orientation so that it is no longer the preferred orientation. At higher 
Al(NO3)3 concentrations, the relative quantity of impurities then begins to decrease in 
relation to the quantity of ZnO. This is associated with a gradual increase in ZnO 
orientation again in favour of (002), although, overall the deposit gradually becomes less 
crystalline.  
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Fig 4.4.27. Average ZnO (002) crystal structure: The influence of Al(NO3)3. 
Deposit grown on ITO using 5 mM Zn(NO3)2.  
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO Bragg peaks in individual ex-situ XRD spectra, 
and extracting the peak information. Peak position is used to calculate the inter-planar d-spacing. FWHM is used 
to calculate the crystallite size. 
Y-error bars calculated from the error in peak fitting. XRD scans done in continous mode, therefore there is no 
error owing to step size. 
 
 Further analysis of ZnO crystallinity, shown in fig 4.4.27, illustrates that in this 
system Al(NO3)3 and/or associated impurities and dopants can also alter the ZnO 
crystallite size and inter-planar spacing by increasingly limiting the growth of ZnO (002) 
crystallites and expanding ZnO (002) inter-planar d-spacing. This means that the c-
lattice parameter undergoes expansion, introducing strain to the system. 
 
Further discussion about the atomic arrangement can be found in appendix H, 
whereby Zn-Zn and Zn-O inter-atomic distances have been obtained for this system with 
0 – 4 % Al(NO3)3 in the deposition solution using ex-situ EXAFS. 
 
 
Rods grown on Au using 1 mM Zn(NO3)2: 
 The same structural analysis will now be performed for rods grown on Au using 1 
mM Zn(NO3)2 with 0-4 molar % Al(NO3)3. XRD patterns for the Au substrate, samples 
and the corresponding Bragg peaks of materials contained in the samples are shown in 
fig 4.4.28. 
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Fig 4.4.28. XRD spectra: The influence of Al(NO3)3. 
Deposit grown on Au using 1 mM Zn(NO3)2.  
 
 One can see that at 0 % Al(NO3)3, hexagonal wurtzite ZnO is deposited with a 
very strong preference for the (002) orientation. This corresponds with the vertically 
aligned nanorod morphology, as seen in fig 4.4.16. There is a low degree of 
polycrystallinity and relatively tiny impurity content, corresponding with ZnCl2, as 
discussed in section 4.2. Addition of Al(NO3)3 to the deposition solution does not initially 
appear to have a significant influence on the orientation preference of ZnO. However, 
tiny quantities of other crystalline impurities have been detected. Given that nanorods 
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form in each case, this implies that there must be a critical quantity of impurities in the 
deposit before the morphology is forced to change to platelets.  
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Table 4.4.3. Crystalline materials present: The influence of Al(NO3)3. 
Deposition on Au using 1 mM Zn(NO3)2. 
 Triangular brackets=Multiple possibilities. Grey shading=Presence certain.  
 
Table 4.4.3 correlates % Al(NO3)3 with the presence of crystalline materials and 
their faces. One can see that ZnO is present throughout and the degree of poly-
crystallinity remains constant regardless of increasing impurity poly-crystallinity, which 
one would expect to be associated with increased texture within the ZnO crystals.  
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Fig. 4.4.29. In-situ GIXS patterns and materials present: Influence of Al3+ and NO3-. 
Deposition using 1 mM Zn(NO3)2 with 0 %, 2 % and 4 % Al(NO3)3 and 4 % AlCl3. 
 
 Fig 4.4.29 shows GIXS scans of the deposits for comparison with XRD data. In 
this case, deposits have been scanned which were made using 0 % Al, 2 % Al(NO3)3, 4 
% Al(NO3)3 and 4 % AlCl3. The GIXS patterns show that only ZnO is deposited in each 
case and ZnO poly-crystallinity is observed regardless of % and type of aluminium 
precursor. This conflicts with the findings of XRD, which showed that ZnCl2, Zn(ClO4)2, 
Zn5(OH)8Cl2.H2O and possibly Al2O3 could also be present. However, each of these 
impurities have their own set of characteristic Bragg peaks which can overlap with those 
of ZnO. Therefore the possibility of their presence cannot be eliminated by GIXS 
analysis other than for Al2O3, which is not observed in any of the systems by GIXS; 
therefore this compound can be dismissed from the potential impurities, leaving ZnCl2, 
Zn(ClO4)2 and Zn5(OH)8Cl2.H2O. 
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Fig 4.4.30. ZnO crystal texture and orientation compared with relative impurity levels: The influence of Al(NO3)3. 
Deposition on Au using 1 mM Zn(NO3)2.  
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to Bragg peaks in individual ex-situ XRD spectra, and 
extracting the peak information. Peak area is used to calculate the relative quantity of ZnO and impurities. Ratios 
are taken to observe the relative changes in material quantity, texture and crystallite orientation. 
Y-error bars calculated from the error in peak fitting.  
 
 A quantitative comparison of the influence of Al(NO3)3 on the ZnO orientation and 
relative impurity quantity is shown in fig 4.4.30, as obtained from XRD. The graph shows 
that the use of Al(NO3)3 does not change the ZnO/impurity ratio within the margin of 
error. This corresponds with the ZnO (002) orientation, where no change is observed 
within the margin of error. These findings show that the quantities of impurities and 
dopants in this system are not enough to induce a significant change in ZnO texture and 
orientation. This could explain why the morphology remains that of nanorods despite 
impurities being present. The quantity of ZnCl2 and Zn5(OH)8Cl2.H2O were measured 
together since no independent impurity Bragg peaks were found in this system. 
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Fig 4.4.31. Average ZnO (002) crystal structure: The influence of Al(NO3)3. 
Deposition on Au using 1 mM Zn(NO3)2.  
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO Bragg peaks in individual ex-situ XRD spectra, 
and extracting the peak information. Peak position is used to calculate the inter-planar d-spacing. FWHM is used 
to calculate the crystallite size. 
Y-error bars calculated from the error in peak fitting. XRD scans done in continous mode, therefore there is no 
error owing to step size. 
 
 XRD observations of the ZnO (002) crystallites are shown in fig 4.4.31. Within the 
margin of error, no significant change is observed in the ZnO (002) crystallite size or the 
d-spacing. Therefore, Al(NO3)3 does not limit growth of the (002) crystallites and the 
small quantity of impurities are not associated with strain ZnO along the c-axis. These 
findings are reiterated in the ZnO {100} XRD data (not shown). This corresponds with the 
results where rods are grown on ITO. 
 
Further discussion about the atomic arrangement can be found in appendix H, 
whereby Zn-Zn and Zn-O inter-atomic distances have been obtained for this system 
using 0 – 4 % Al(NO3)3 in the deposition solution. 
 
 So far, the influence of aluminium dopant precursors on the crystal structure has 
only been examined and correlated between ex-situ samples deposited using different 
quantities of aluminium precursors. Aluminium precursors have been found to influence 
not only the electrochemistry, but the morphology and crystallinity of the deposit. In-situ 
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GIXS experiments have been carried out to further understand the influence of 
aluminium precursors during deposition. Fig 4.4.32 illustrates the influence that 
aluminium precursors have over the quantity and rate of ZnO deposition through 
examination of the ZnO (101) peak area. 
 
 
Fig 4.4.32. The rate of ZnO (101) deposition: The influence of Al3+ and NO3-. 
Deposition on Au using 1 mM Zn(NO3)2. 
The relative quantity of ZnO was obtained by observing the ZnO (101) Bragg peak area in individual GIXS scans.  
Y-error bars show the error in the peak area, where peak area was obtained by fitting a Lorentzian curve (R2 > 0.9) 
to the Bragg peak. 
 
 One can see that by increasing the % Al(NO3)3 in solution, the rate of ZnO 
deposition and hence quantity of ZnO deposited increases. This increase appears 
equivalent to ~ 1.5 times for every % of Al(NO3)3. To determine whether this increase is 
a result of Al3+ or NO3-, AlCl3 was used during deposition. One can clearly see that the 
rate and quantity of ZnO (101) is equivalent whether AlCl3 is present or not. This 
indicates that the increased rate is due to the presence of excess NO3- and not Al3+. This 
shows that the quantity of ZnO deposited is governed by electrochemical reactions, if all 
other factors remain constant. The gradually decreasing rate of deposition has been 
associated with an increasing dependence on Zn2+ diffusion, as described in section 
4.3.2. 
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However, given that the influence of this excess [NO3-] is very large in relation to 
the proportion of the quantity in solution, (an increase in [NO3-] of only 1.06 times when 4 
% Al(NO3)3 is added to 1 mM Zn(NO3)2), one could deduce that Al(NO3)3 must have an 
additional activating effect on the deposition. This agrees with the findings of cyclic 
voltammetry, described in section 4.1.1, where Al(NO3)3 activates reduction, lowering the 
kinetic barrier. This could mean that when Al(NO3)3 is present, there will be a larger 
quantity of OH- ions produced, increasing the pH and causing precipitation to occur in 
larger quantities. This also agrees with charge transfer analysis discussed in section 
4.4.1. 
 
 
Fig 4.4.33. The average size of ZnO (101) crystallites during growth: The influence of Al3+ and NO3-. 
Deposition on Au using 1 mM Zn(NO3)2.  
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO Bragg peaks in individual ex-situ XRD spectra, 
and extracting the peak information. FWHM is used to calculate the crystallite size.  
Y-error bars calculated from the error in the peak fitting data by applying the Scherrer equation, however only 
inputting error values to obtain crystallite size error. 
 
 Analysis of the average crystallite size during deposition shows that there is little 
influence from AlCl3, as expected. However, Al(NO3)3 appears to suppress the growth of 
crystallites, reaching an optimised smaller average size earlier. This shows that Al(NO3)3 
activates electrochemical reactions and deposition rates, but limits crystallite growth, 
hence increasing poly-crystallinity. This relationship found between rate of deposition 
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(Fig 4.4.32) and rate of crystallite growth (Fig 4.4.33) implies that faster deposition 
results in smaller crystallites. 
 
 
Fig 4.4.34. The relative rates of evolution of ZnO (101) quantity, crystallite size and d-spacing compared when 4 % 
Al(NO3)3 is present in solution. 
Deposition on Au using 1 mM Zn(NO3)2 and 4 % Al(NO3)3. 
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to the ZnO (101) Bragg peaks in individual in-situ 
GIXS spectra, and extracting the peak information. Peak area is used to calculate the relative quantity of ZnO. 
FWHM is used to calculate the crystallite size. Peak position is used to calculate the inter-planar d-spacing. 
Values are normalised to observe relative changes to crystal quantity and structure. 
Y-error bars calculated from the error in the peak fitting data. For peak area error, this is the peak area fitting 
error. For crystallite sizes error, the Scherrer equation is applied, however only inputting error values to obtain 
crystallite size error. For d-spacing, the hexagonal crystal d-spacing equation is applied, however only inputting 
error values to obtain d-spacing error. 
 
 Fig 4.4.34 compares the rate of ZnO deposition with changes in ZnO crystallites 
during deposition when 4 % Al(NO3)3 is used. One can see that the rate of increase in 
crystallite growth is slower than that of ZnO deposition, indicating that the system is 
polycrystalline. The gradual increase in crystallite average size could occur due to 
continuous crystallite growth. Since deposition occurs via a nucleation and coalescence 
method, as discussed in section 4.3.1 in relation to figure 4.3.6, this would indicate that 
the smallest crystallites are present on the top of the rods. This therefore implies that the 
crystallites within the rod continue to grow and coalesce with one another, resulting in a 
gradual increase in the average crystallite size and a gradient in the degree of poly-
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crystallinity within the rod. The figure also shows that regardless of the rate of ZnO 
deposition and growth, the ZnO inter-planar d-spacing remains constant. This shows that 
crystallite size and quantity does not change the strain during deposition.  
 
 
Rods and platelets grown on Au using 5 mM Zn(NO3)2: 
The same structural analysis will now be performed for rods and platelets grown 
on Au using 5 mM Zn(NO3)2. XRD patterns for the Au substrate, samples and the 
corresponding Bragg peaks of materials contained in the samples are shown in fig 
4.4.35. 
 
Fig 4.4.35. XRD spectra: The influence of Al(NO3)3. 
Deposition on Au using 5 mM Zn(NO3)2. 
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 In each case, one can see that hexagonal wurtzite ZnO is deposited with a strong 
(002) preference. However, many Bragg peaks are present which correspond with both 
ZnO and impurities. This shows that in this system, ZnO platelets and nanorods on Au 
are collectively more polycrystalline than rods on Au, and there is a greater quantity of 
impurities which are also polycrystalline. The strong preference for ZnO to orientate in 
favour of (002) is characteristic of ZnO nanorods and is not expected when platelets 
have formed, as shown in fig 4.4.20. This indicates that in each case, platelets have 
grown on top of strongly orientated rods and the two exist in a mixed morphology. 
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Table 4.4.4. Crystalline materials present: The influence of Al(NO3)3. 
Deposition on Au using 5 mM Zn(NO3)2. 
Triangular brackets=Multiple possibilities. Grey shading=Presence certain. 
 
 Table 4.4.4 correlates % Al(NO3)3 with the presence of crystalline materials and 
faces. One can see that polycrystalline ZnO is present in each case. Impurities are also 
present in the deposit at 0 % Al(NO3)3, however, since the Bragg peaks overlap with one 
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another it is not possible to determine which impurities are present at 0 % Al(NO3)3. 
Zn5(OH)8Cl2.H2O has been detected with certainty only after Al(NO3)3 is added to the 
deposition solution. As for equivalent deposition on ITO, above 1 % Al(NO3)3, the 
polycrystallinity of both ZnO and impurities begins to decrease.  
 
 
Fig 4.4.36. In-situ GIXS patterns and materials present: Influence of Al3+ and NO3-. 
Deposition using 5 mM Zn(NO3)2 with 0 %, 2 % and 4 % Al(NO3)3 and 4 % AlCl3. 
 
 Further materials analysis has been performed using GIXS, shown in fig 4.4.36. 
From this, it has been confirmed that ZnO, ZnCl2, Zn(ClO4)2, Zn5(OH)8Cl2.H2O and Au3Zn 
are all present at 0 % Al(NO3)3. In addition, the use of Al(NO3)3 could also lead to the 
formation of Al2O3. The presence of Au3Zn in this system is previously unreported, and 
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will be discussed at the end of this section. Given it was determined that Al2O3 was also 
present when equivalent deposition (5 mM Zn(NO3)2) was performed on ITO and is not 
present when rods are deposited at lower concentrations (1 mM Zn(NO3)2) with 
equivalent % Al(NO3)3 on ITO or Au, one can deduce that the formation of Al2O3 is 
determined by the actual quantity of Al(NO3)3 in solution rather than the percentage as a 
function of [Zn2+]. This indicates that there is a critical concentration of aluminium, either 
in the solution or in the deposit, after which Al2O3 forms. No obvious change is observed 
upon changing the precursor from Al(NO3)3 to AlCl3.  
 
 
Fig 4.4.37. ZnO texture and orientation compared with relative impurity content: The influence of Al(NO3)3. 
Deposition on Au using 5 mM Zn(NO3)2.  
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to Bragg peaks in individual ex-situ XRD spectra, and 
extracting the peak information. Peak area is used to calculate the relative quantity of ZnO and impurities. Ratios 
are taken to observe the relative changes in material quantity, texture and crystallite orientation. 
Y-error bars calculated from the error in peak area fitting.  
 
 Quantitative analysis of the influence of Al(NO3)3 on ZnO orientation and relative 
impurity content is shown in fig 4.4.37. Although initial XRD analysis has revealed that 
ZnO is strongly (002) orientated regardless of % Al(NO3)3, fig 4.4.37 reveals that 
preferred (002) orientation rapidly decreases as the relative quantity of impurities 
increases. Therefore, one could conclude that increasing the quantity of Al(NO3)3 results 
in increased impurity levels which disrupt ZnO crystallinity, ultimately resulting in a 
morphological transformation to a mixed state of rods and platelets. XRD peak area 
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ratios are used to obtain this information. In this system however, the ex-situ XRD 
pattern does not contain any unique impurity Bragg peaks, so Bragg peaks have been 
selected which represent Zn(ClO4)2 and/or Zn5(OH)8Cl2.H2O (Bragg peak at 28.4 o), and 
ZnCl2 and/or Zn5(OH)8Cl2.H2O (Bragg peak at 41.8 o) respectively.  
 
Electrochemical analysis, shown in fig 4.4.8, illustrated that increased levels of 
Al(NO3)3 in solution result in increased redox and charge transfer. Given that this results 
in a relative increase in the quantity of non-aluminium containing impurities, in addition to 
Al2O3, one can therefore assume that increased [Al(NO3)3] results in a higher 
concentration of OH- species which increase pH and the relative quantities of impurities 
precipitated.  
 
 
Fig 4.4.38. Average ZnO (002) crystal  structure: The influence of Al(NO3)3. 
Deposition on Au using 5 mM Zn(NO3)2.  
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO Bragg peaks in individual ex-situ XRD spectra, 
and extracting the peak information. Peak position is used to calculate the inter-planar d-spacing. FWHM is used 
to calculate the crystallite size. 
Y-error bars calculated from the error in peak fitting. XRD scans done in continous mode, therefore there is no 
error owing to step size. 
 
 Analysis of the ZnO crystallinity is shown in fig 4.4.38. Within the margin of error 
one can see that the (002) crystallite size gradually decreases as % Al(NO3)3 in solution 
increases. This agrees with the idea that Al(NO3)3 limits grain growth. Inter-planar d-
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spacing is unaffected by crystallite size and maintains a constant spacing. The same 
pattern is also observed for ZnO (101) (not shown), indicating a 3D overall reduction in 
the crystallite volume whilst no affect is made on strain. 
 
Further discussion about the atomic arrangement can be found in appendix H, 
whereby Zn-Zn and Zn-O inter-atomic distances have been obtained for this system 
using ex-situ EXAFS with 0 – 4 % Al(NO3)3 in the deposition solution. 
 
 
Fig 4.4.39. Rate of growth of ZnO (101): The influence of Al3+ vs. NO3-. 
Deposition on Au using 5 mM Zn(NO3)2.  
The relative quantity of ZnO was obtained by observing the ZnO (101) Bragg peak area in individual GIXS scans.  
Y-error bars show the error in the peak area, where peak area was obtained by fitting a Lorentzian curve (R2 > 0.9) 
to the Bragg peak. 
 
 In-situ GIXS experiments have been performed to monitor crystalline changes to 
ZnO during deposition and growth by observing the ZnO (101) Bragg peak. Fig 4.4.39 
illustrates the rate of deposition of ZnO. One can see that the rate of deposition 
gradually reduces. This has been related to a growing dependence on the diffusion of 
Zn2+ as deposition progresses, as described in section 4.3.2. The influence of dopant 
precursor and concentration has been observed. Increasing the concentration of 
Al(NO3)3 results in a negligible change in the quantity and rate of deposition. This is in 
contrast to the 1 mM system (nanorods on Au), where each % Al(NO3)3 resulted in ~1.5 
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times faster rate of deposition and hence quantity of ZnO. The outcome in this case 
could be a result of both the redox slowing influence of Al3+ (which has 5 times higher 
concentration in this system) and precipitation enhancing effect of NO3-. When AlCl3 is 
used as a precursor, the rate of deposition is slower. This is also in contrast to the 1 mM 
system (nanorods on Au), where AlCl3 has no influence on the rate of ZnO deposition. 
This change indicates that AlCl3 can inhibit ZnO deposition. The ZnO growth rate 
decrease could be due to the presence of a larger concentration of Al3+ without the 
counterbalancing effect of NO3-, but could also be due to an increase in Cl- adsorption on 
the ZnO (002) surface or impurity precipitation, effecting surface energy. When 4 % AlCl3 
is used in a 5 mM Zn(NO3)2 system, [Cl-] increases by 0.6 %, whereas it would only 
increase by 0.12 % in the 1 mM Zn(NO3)2 system. This could account for the deposition 
rate suppression observed in the 5 mM Zn(NO3)2 system on Au, where there was no 
such effect in the 1 mM Zn(NO3)2 system on Au. 
 
 
Fig 4.4.40. Average ZnO (101) crystallite size during deposition: Influence of Al3+ and NO3-. 
Deposition on Au using 5 mM Zn(NO3)2. 
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to ZnO Bragg peaks in individual ex-situ XRD spectra, 
and extracting the peak information. FWHM is used to calculate the crystallite size.  
Y-error bars calculated from the error in the peak fitting data by applying the Scherrer equation, however only 
inputting error values to obtain crystallite size error. 
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 Evolution of average ZnO (101) crystallite size is illustrated in fig 4.4.40. In each 
case, there is an initial and rapid growth for ~1000 s before a stable average crystallite 
size is reached. This rapid growth period corresponds with the periods where deposit 
nucleation and growth occur and the system gradually reaches equilibrium, as shown in 
fig 4.4.7. Increased concentrations of aluminium dopant precursor result in a decreased 
average crystallite size from ~ 586 Å at 0 % Al to ~ 477 Å by 4 % Al. Given that the ZnO 
(101) crystal face cuts diagonally through the crystal lattice, this is representative of an 
overall reduction in the crystallite volume. Negligible influence is observed in changing 
the dopant precursor from Al(NO3)3 to AlCl3. This indicates that crystallite growth is 
limited by the elevated quantity of Al3+ dopant, surface adsorpants or associated 
impurities regardless of the influence on the overall quantity of ZnO. 
 
 
Fig 4.4.41. The relative rates of evolution of ZnO (101) quantity, crystallite size and d-spacing compared when 4 % 
Al(NO3)3 is present in solution. 
Deposition on Au using 5 mM Zn(NO3)2 with 4 % Al(NO3)3. 
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to the ZnO (101) Bragg peaks in individual in-situ 
GIXS spectra, and extracting the peak information. Peak area is used to calculate the relative quantity of ZnO. 
FWHM is used to calculate the crystallite size. Peak position is used to calculate the inter-planar d-spacing. 
Values are normalised to observe relative changes to crystal quantity and structure. 
Y-error bars calculated from the error in the peak fitting data. For peak area error, this is the peak area fitting 
error. For crystallite sizes error, the Scherrer equation is applied, however only inputting error values to obtain 
crystallite size error. For d-spacing, the hexagonal crystal d-spacing equation is applied, however only inputting 
error values to obtain d-spacing error. 
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 The rate of deposition and ZnO crystallite changes are compared in fig 4.4.41. As 
for rods on Au (1 mM Zn(NO3)3), the rate of increase in crystallite growth is slower that 
that of deposition. This indicates that the system could be polycrystalline, with crystallites 
continuing to grow after nucleation. The point of average crystallite size optimisation 
occurs sooner in the case of platelets on rods, being ~1000 s rather than ~2300 s in 
nanorods, owing to a relatively faster rate of deposition, as shown in fig 4.3.9.  
 
 As in each system investigated, there is no noticeable change in the inter-planar 
d-spacing during deposition. This implies that regardless of changes in deposit 
morphology, dimensions, crystallite size and impurities, any strain within ZnO remains 
constant during growth. 
 
 
Study of the Au3Zn alloy observed in GIXS of ZnO on Au: 
 The presence of Au3Zn alloy on an Au substrate has been detected using surface 
sensitive GIXS, as shown in fig 4.2.9; such an observation has not previously been 
reported. Analysis of the in-situ GIXS spectra found that Au3Zn became increasingly 
polycrystalline during deposition, as shown in fig 4.3.12. This indicates that Au3Zn 
crystallites continue to evolve during the deposition process. Relative measurement of 
the quantity of Au3Zn formed during ZnO deposition has been monitored by observing 
the intensity of the (2,1,17) Bragg peak using in-situ GIXS. This peak was selected since 
it was the most clearly defined and independent Au3Zn Bragg peak. It should therefore 
provide the most accurate data about Au3Zn. Fig 4.4.42 shows how the quantity of 
Au3Zn changes during deposition. 
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Fig 4.4.42. The rate of formation of Au3Zn, observed using the (2,1,17) Bragg peak. 
Deposited on Au using 5 mM Zn(NO3)2 with 0 % Al(NO3)3 present. 
The relative quantity of Au3Zn was obtained by observing the Au3Zn (2,1,17) Bragg peak area in individual in-situ 
GIXS scans.  
Y-error bars show the error in the peak area, where peak area was obtained by fitting a Lorentzian curve (R2 > 0.9) 
to the Bragg peak. 
  
 The quantity of Au3Zn increases during the deposition period. If Au3Zn forms 
between the Au substrate surface and ZnO nanorod, one would expect that it should 
reach its maxima by the end of the nucleation and growth period. There are two possible 
explanations for the observation of on-going growth.  
 
1. The alloy forms between the Au surface and ZnO deposit. This should give rise 
to a sudden increase in the quantity of Au3Zn since Zn2+ is nucleating across the 
surface. As ZnO growth continues, the rods gradually increase in diameter, 
resulting in a lower rate of increase in Au3Zn quantity. 
2. The alloy forms between the Au surface and ZnO deposit, as for explanation 1. In 
addition to this cause of alloy formation, the Zn2+ ions could continue to diffuse 
into the Au solid during deposition from the solution and/or the deposit, forming 
more Au3Zn alloy where rods have not begun nucleation and growth. If diffusion 
is occurring, it will be 3D since the Au surface has an RMS roughness of 49.8 Å. 
Equation 4.4.1 shows that diffusion of the Zn2+ ions into a solid Au substrate is 
possible according to Ficks law of 3D anisotropic diffusion into solids.  
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Eqn 4.4.1. Ficks law for 3D anisotropic diffusion into solids [219]. 
C = Concentration of diffusing substance. D = Diffusion coefficient / cm2s-1. 
x, y, z = Space coordinates / cm. t = time / s. 
 
 In order to further investigate the formation of this phase, a TEM cross section 
was observed in high resolution to ascertain if the alloy is only present at sites of ZnO 
growth, or forms a thin layer across the whole Au surface.  
 
 
Fig 4.4.43. A TEM cross-section of the deposit on Au. 
Deposition on Au using 5 mM Zn(NO3)2 with 2 % Al(NO3)3 for 16 mins. 
This sample cross-section was cut using FIB with assistance from Dr F. Tariq, and the TEM image was taken with 
assistance from Dr M. Ardakani, both of the department of Materials, Imperial College London. 
 
 A TEM cross-section of deposits grown on Au using 5 mM Zn(NO3)2 and 2 % 
Al(NO3)3 is shown in fig 4.4.43. A thin layer can be observed between the ZnO deposit 
and Au substrate. Given that the contrast is different to both Au and ZnO, one can 
expect that this may be the Au3Zn layer. The layer is only ~10 nm thick. This explains 
why Au3Zn was not detected by standard XRD methods and was only detected by high 
intensity synchrotron radiation. The thin layer runs along the whole Au surface, as does 
deposit coverage, therefore it is not possible to determine a growth mechanism in this 
case. One can also see that nanorods have grown on the surface. Given that after 16 
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minutes deposition time, SEM images show that only platelets can be seen on the 
surface (fig 4.4.21), this shows that in a mixed morphology state, platelets conceal the 
rods which continue to grow beneath the porous layer of platelets.  
 
Confirmation is required as to whether the layer observed is indeed that of 
Au3Zn. Electron diffraction has been performed on the cross-section in two locations to 
contrast and compare. Their electron diffraction patterns are shown in fig 4.4.44. 
 
   
  
Fig 4.4.44. Electron diffraction pattern of the TEM cross-section: 
Top: Position of the electron beam area on the cross-section. Bottom: Electron diffraction pattern. 
Left: The bulk deposit (ZnO). Right: Au|deposit (ZnO) interface. 
Deposition on Au using 5 mM Zn(NO3)2 with 2 % Al(NO3)3 for 16 mins.  
This sample cross-section was cut using FIB with assistance from Dr F. Tariq, and the TEM images and electron 
diffraction patterns were taken with assistance from Dr M. Ardakani, both of the department of Materials, Imperial 
College London. 
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 The left electron diffraction pattern is that of the bulk ZnO deposit. The pattern 
shows that the sample is polycrystalline with no evidence of an amorphous state. This 
poly-crystallinity can be expected since XRD analysis has shown that the introduction of 
aluminium dopant precursors introduces crystalline impurities which disrupt the ZnO 
crystalline order. The right electron diffraction pattern is that of the interface between the 
Au substrate and the ZnO deposit. This will also include Au3Zn. The sample is 
polycrystalline with no evidence of an amorphous state. This pattern is different to that of 
bulk ZnO due to the presence of Au and Au3Zn. It is not possible to extract data further 
however, due to the uncertainty of which materials and their crystal faces are 
responsible for contributing to the overall pattern. In a further attempt to confirm the 
presence of Au3Zn, elemental line mapping has been performed along the cross section 
using EDX. This is described in section 4.4.4 in relation to fig 4.4.51. 
 
 
Fig 4.4.45. The relative rates of evolution of Au3Zn (2,1,17) quantity, crystallite size and d-spacing compared. 
Deposition on Au using 5 mM Zn(NO3)2 with 0 % Al(NO3)3.  
Information obtained by fitting a Lorentzian curve (R2 > 0.9) to the ZnO (101) Bragg peaks in individual in-situ 
GIXS spectra, and extracting the peak information. Peak area is used to calculate the relative quantity of ZnO. 
FWHM is used to calculate the crystallite size. Peak position is used to calculate the inter-planar d-spacing. 
Values are normalised to observe relative changes to crystal quantity and structure. 
Y-error bars calculated from the error in the peak fitting data. For peak area error, this is the peak area fitting 
error. For crystallite sizes error, the Scherrer equation is applied, however only inputting error values to obtain 
crystallite size error. For d-spacing, the hexagonal crystal d-spacing equation is applied, however only inputting 
error values to obtain d-spacing error. 
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 It has been shown that the quantity of Au3Zn increases during deposition of ZnO. 
Fig 4.4.45 shows the relationship between Au3Zn quantity, crystallite size and inter 
planar d-spacing, relating to the (2,1,17) Bragg peak. During deposition the d-spacing 
does not change, and unlike the case of ZnO deposition, crystallite size undergoes little 
change. This shows that the quantity and growth of Au3Zn does not effect its crystallinity 
and strain. The figure also indicates that whilst the quantity of Au3Zn is increasing, the 
number of crystallites increase rather than grow. Given that in ZnO deposits, crystallites 
continue to grow after nucleation, the limitation to Au3Zn crystallite size must be due to a 
pre-defined factor such as the lattice mismatch between Au and ZnO. 
 
 
4.4.4. Chemical composition  
 The influence of aluminium dopant precursors on deposition, growth, structure 
and deposited materials has been observed. ICP analysis has been performed on all ex-
situ samples so far examined to determine the impact of [Al(NO3)3] [Zn(NO3)2] and 
substrate on the percentage of aluminium incorporated in the deposit. The percentage of 
aluminium is calculated from its ppm in relation to the ppm of zinc in each sample. A full 
discussion will now be presented. 
 
 
Fig 4.4.46. Relationship between the atomic % Al(NO3)3 in solution and the atomic % Al in the deposit: 
Comparing 1 mM Zn(NO3)2 (rods) and 5 mM Zn(NO3)2= (platelets and rods) deposited on ITO. 
Data obtained from ICP-MS chemical analysis after putting both the sample and substrate in acid to ensure all the 
deposit was dissolved. Quoted data is an average from 2 different sample sets with 5 runs per sample. 
Y-error bars calculated from the quantity of aluminium which could be in solution owing to the dissolution of 
aluminium from the substrate itself. 
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The % of aluminium content in deposits on ITO as a function of % of Al(NO3)3 in 
solution is shown in fig 4.4.46. This graph illustrates a comparison between the content 
found in rods (using 1 mM Zn(NO3)2) and the content found in platelets on rods (5 mM 
Zn(NO3)2). In both cases, as the amount of aluminium in solution increases, the amount 
of aluminium in the deposit increases linearly. This relationship can be expected. Where 
rods are grown on ITO, there is a 1:1 ratio between the quantity of aluminium in the 
solution and the quantity in the deposit, within the margin of error. Given that XRD 
analysis has not detected any Al2O3 or other impurities in this system, one can assume 
that all the aluminium detected by ICP has been incorporated into the nanorods as 
interstitial and/or substitutional Al3+ in the ZnO lattice. 
 
However, the % contained in the platelets on ITO is approximately 20 times 
larger than the % contained in rods on ITO at 4 % Al(NO3)3. If the quantity incorporated 
in the deposit was dependent only on the % aluminium in the solution, one would expect 
4 % aluminium in the platelet deposit with 4 % Al(NO3)3, as for the rod system. 
Alternatively, if one assumes that the quantity of aluminium in the deposit is dependent 
on the concentration in the solution, then one might expect to see 20 % aluminium in the 
deposit for 4 % Al(NO3)3 in the solution, since the platelet system (5 mM Zn(NO3)2) will 
actually have 5 times more Al(NO3)3 than the equivalent % in the rods system (1 mM 
Zn(NO3)2). This is not the case therefore other factors could be responsible for the large 
% aluminium in the platelet system such as increased [Al3+] and pH from additional NO3, 
potentially causing precipitation of surface absorbents or impurities, which could shift  
deposit surface energy and/or cause morphological change, enabling more Al3+ to enter 
the deposit.  
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Fig 4.4.47. Relationship between the atomic % Al(NO3)3 in solution and the atomic % Al in the deposit: 
Comparing 1 mM Zn(NO3)2 (rods) and 5 mM Zn(NO3)2= (platelets and rods) deposited on Au. 
Data obtained from ICP-MS chemical analysis after putting both the sample and substrate in acid to ensure all the 
deposit was dissolved. Quoted data is an average from 2 different sample sets with 5 runs per sample. 
Y-error bars calculated from the quantity of aluminium which could be in solution owing to the dissolution of 
aluminium from the substrate itself. 
 
 Fig 4.4.47 shows an equivalent analysis for rods and platelets deposited on Au. 
Again, as the % aluminium in solution increases, the % aluminium in the deposit 
increases linearly. At 4 % Al(NO3)3 the % aluminium in the deposit is 2.2 % for rods and 
15.3 % for platelets. Applying the principles discussed for fig 4.4.46, this illustrates that 
the % aluminium in the deposit is not controlled exclusively by either the % in solution or 
the concentration solution.  
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Fig 4.4.48. Relationship between the atomic % Al(NO3)3 in solution and the atomic % Al in the deposit: 
Comparing deposition on ITO and Au using 1 mM Zn(NO3)2 (rods). 
Data obtained from ICP-MS chemical analysis after putting both the sample and substrate in acid to ensure all the 
deposit was dissolved. Quoted data is an average from 2 different sample sets with 5 runs per sample. 
Y-error bars calculated from the quantity of aluminium which could be in solution owing to the dissolution of 
aluminium from the substrate itself. 
 
Fig 4.4.48 compares the % aluminium in solution and in rods deposited on ITO 
and Au. The % aluminium contained in rods on Au is slightly smaller than those on ITO, 
therefore aluminium uptake in deposits on ITO is slightly more favourable, although 
these values are within the error or each other. The % recorded in the deposit is slightly 
below unity in each case, although unity can be achieved within the error. Given that 
Al2O3 has not been detected by XRD or GIXS in either system, one can assume that all 
of the aluminium is incorporated in the nanorods as interstitial and/or substitutional Al3+ 
within the ZnO lattice. 
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Fig 4.4.49. Relationship between the atomic % Al(NO3)3 in solution and the atomic % Al in the deposit: 
Comparing deposition on ITO and Au using 5 mM Zn(NO3)2 (rods and platelets). 
Data obtained from ICP-MS chemical analysis after putting both the sample and substrate in acid to ensure all the 
deposit was dissolved. Quoted data is an average from 2 different sample sets with 5 runs per sample. 
Y-error bars calculated from the quantity of aluminium which could be in solution owing to the dissolution of 
aluminium from the substrate itself. 
 
Fig 4.4.49 compares the % aluminium in solution and in platelets on rods (5 mM 
Zn(NO3)2 system) deposited on ITO and Au. Again, the % aluminium contained in 
deposits on Au is smaller than those in ITO showing that aluminium uptake in deposits 
on ITO is therefore more favourable. In both cases, the % aluminium in the deposit is 
disproportionately large. Given that small quantities of Al2O3 have been detected by 
GIXS in these deposits, one can assume that all of the aluminium is incorporated in the 
deposits as Al2O3 and interstitial and/or substitutional Al3+ within the ZnO lattice. Since 
crystalline impurity compounds have been associated with the formation of the 
disordered platelet morphology which has grown over the nanorods, one can predict that 
the interstitial and substitutional Al3+ exists in the nanorods, and Al2O3 exists in the 
platelets, possibly also with some interstitial and substitutional Al3+ present. 
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Fig 4.4.50. The influence of Al(NO3)3 on the ratio between atomic % aluminium in platelets and rods. 
Deposition on ITO and Au. 
Data obtained from ICP-MS chemical analysis after putting both the sample and substrate in acid to ensure all the 
deposit was dissolved. % aluminium in the system is an average from 2 different sample sets with 5 runs per 
sample. A ratio between the % aluminium in the 1 mM Zn(NO3)2 system and 5 mM Zn(NO3)2 system has been 
calculated between these percentages to observe changes in relative quantities in different conditions. 
Error has been calculated from the quantity of aluminium which could be in solution owing to the dissolution of 
aluminium from the substrate itself. The y-error bars are the corresponding ratio between these errors. 
 
 It has been determined that the quantity of aluminium in the deposit is not purely 
dependent on the % aluminium in solution as a function of [Zn2+], or concentration in 
solution, where disproportionately large quantities have been incorporated into the 5 mM 
Zn(NO3)2 system deposits. Fig 4.4.50 illustrates that the ratio between the quantity of 
aluminium in the platelets and rods is not constant, and linearly increases as the % in 
solution increases due to a rapid increase in platelet aluminium content. This indicates 
that the more aluminium in solution the more aluminium uptake occurs, at a faster rate. 
The relative increase in rate of uptake in the 5 mM Zn(NO3)2 system compared to the 1 
mM Zn(NO3)3 system is a fixed multiple of the quantity in solution, according to the 
gradient of the ratios shown in fig 4.4.50. Given that the linear increase in rate is 
dependent on the % Al(NO3)3 in solution, one can assume that the uptake is linearly 
accelerated by the presence of Al(NO3)3.  
 
 The higher quantity of aluminium measured by ICP could be accounted for by 
the larger quantity of material deposited with the 5 mM Zn(NO3)2 systems, however, 
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aluminium content has been measured in relation to the quantity of zinc, therefore 
removing the dependence on material quantity.  
 
The linear nature of the ICP analysis graphs (Figs 4.4.46 - 4.4.50) would imply 
that morphology, which changes non-linearly as a function of [Al(NO3)3], has no or little 
influence on aluminium uptake, and is therefore independent of subtle morphological 
change. This therefore indicates that aluminium uptake is only activated faster with 
larger concentrations of Al(NO3)3 in solution. Given that Al2O3 and other impurities are 
detected in these deposits, and these impurities have been associated with elevated 
[OH-], it seems logical that aluminium uptake is accelerated owing to increased [Al3+] and 
pH (from additional NO3- ions resulting in larger [OH-]), causing increased precipitation of 
surface adsorbent’s, doped ZnO and impurities, which could also change surface 
energies in comparison to systems where only nanorods have been deposited.  
 
When considering the substrate used, the rate of increase is larger for deposition 
on ITO than Au. It has been demonstrated that the Au substrate activates redox so that 
[OH-] will be higher than with ITO, elevating pH in the diffusion layer. This elevated pH 
has been associated with the precipitation of larger quantities of ZnO, in addition to 
impurities which also cause a transformation in the morphology. In order for deposits on 
ITO to contain more aluminium, the relatively slower rate of ZnO deposition on ITO must 
therefore allow more aluminium to be incorporated.  
 
Therefore, faster ZnO deposition rates result in relatively lower aluminium-dopant 
quantities. However, as % Al(NO3)3 increases, the rate of aluminium uptake increase 
must be faster than the rate of ZnO deposition increase owing to a higher [Al3+]. 
 
 ICP has been performed on the ex-situ samples to understand the influence of 
[Al(NO3)3] [Zn(NO3)2], morphology and substrate on the % aluminium in the deposit. To 
understand the aluminium distribution within the deposit, and hence the rate of uptake of 
aluminium in the deposit during deposition, EDX line mapping has been performed on a 
sample cross-section. Fig 4.4.51 shows an image of the cross section, highlighting the 
positions of the scans taken and the stoichiometric elemental % at each position. The 
sample has been deposited on Au using 5 mM Zn(NO3)2 with 2 % Al(NO3)3 for 16 
minutes. 
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Fig 4.4.51. Observation of elemental changes within the deposit cross-section: 
Top: The deposit cross-section observed. Beam diameter ≈ 30 nm. 
Bottom:  Stoichiometric elemental % as a function of distance from the Au|ZnO (bulk deposit) interface.  
Deposition on Au using 5 mM Zn(NO3)2 (rods with platelets) with 2 % Al(NO3)3 for 16 mins. 
Lines are a guide to the eye, showing trend. 
X-error bars correspond with the beam diameter. 
  
 The line mapped EDX data begins at the Au substrate (1), moves to the Au-ZnO 
interface (2) and then moves up the deposit (away from the interface) (3-5). In the Au 
substrate, 96 % of all elements are Au. The 4 % discrepancy could be due to diffusion 
within the Au layer from the solution or deposit. At the interface there is a significant 
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quantity of Zn and O, as can be expected since ZnO will be present. There is also a 
large quantity of Au. Given that there is ~3.5 times more Zn than O, this suggests that a 
significant amount of Zn is consumed in non-ZnO materials. The interface is expected to 
contain a thin layer of Au3Zn. This indirectly implies that the thin layer observed in the 
TEM section (Fig 4.4.43) was that of Au3Zn. As the beam moves further from the 
interface, ZnO is the predominant material, and the Zn:O ratio slowly begins to converge 
towards 1:1. 
 
The stoichiometric % Al incorporated into the deposit slowly increases further 
from the interface. Given that the quantity is smallest at the interface, and is detected 
throughout the deposit in gradually increasing quantities, it indicates that aluminium is 
incorporated into the deposit throughout growth, and does not form large clusters. Since 
it is know that the deposit grows from the top [83] (ZnO-solution interface), this also 
shows that the relative rate of aluminium incorporation gradually accelerates during 
deposition. This could be due to the gradual increase in Zn2+ diffusion limitation, 
discussed in section 4.3.2, resulting in a slower ZnO deposition rate and effectively more 
aluminium in the deposit. This agrees with the idea discussed in relation to figure 4.4.50, 
where slower rates of deposition result in faster rates of aluminium doping for equivalent 
% Al(NO3)3 systems. 
 
EDX analysis in section 4.2.4 showed that Cl is present in the material at low 
levels when platelets are formed. The line map shows that the % uptake is small and 
gradually increases during deposition. The % Cl in the deposit is marginally larger than 
that of Al, possibly due to the larger concentration in solution. Given that in this 
deposition system there is 0.1 M Cl- in solution and only 0.1 mM Al3+, the uptake of Al3+ 
is much more favourable than Cl-. While it has been indicated by XRD that Al3+ is 
incorporated into the deposits as Al2O3 (in this case), and interstitial and substitutional 
Al3+ within the ZnO lattice, Cl has only been detected in very tiny quantities of impurity 
crystalline materials. Work by other authors has however shown it is also possible that Cl 
could enter the ZnO lattice as an interstitial or substitutional ion [113]. 
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4.4.5. Optical and electrical properties  
 It is important to understand the optical and electrical properties of these 
deposited materials since ultimately they will be applied in photovoltaic devices, as well 
as having many other applications. An investigation has been performed using UV-Vis 
spectroscopy to observe changes in the optical transmission and electronic band gap 
(Eg) of the four systems studied. This involved observing samples with different 
substrates, morphologies and aluminium contents. 
 
 
Fig 4.4.52. UV-Vis spectra of nanorods on ITO.  
Deposited ITO using 1 mM Zn(NO3)2 with variable % Al(NO3)3 in solution, as indicated in the key. 
 
 Figure 4.4.52 compares the UV-Vis spectra obtained for nanorods deposited on 
ITO with a different % of aluminium dopant precursor, Al(NO3)3, in solution. The UV-Vis 
spectra for single crystal pure ZnO is included for reference. Each sample exhibits a 
similar pattern to that of single crystal ZnO, indicating that the deposit is essentially 
composed of ZnO. This agrees with XRD data.  
 
There is a change in the gradient and intensity of transmission lines, which varies 
between samples. This variance could be a result of variable aluminium content and 
variable morphologies. It is believed that detection during optical spectrometry performed 
on solid samples can be subjected to intensity variation owing to the scattering of light 
away from and/or towards the detector [213]. This will therefore cause a shift in the 
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intensity of transmission detected. Since it has been shown that altering the % Al(NO3)3 
in solution can influence the morphology and crystallite size, each sample will influence 
the degree of scattering differently, therefore explaining the variation in intensities 
observed. This has been taken into account when quantitatively extracting the band gap.  
 
The absorbance and transmission of light depends on the band structure of 
electrons within the deposit. It has been shown that the quantity of aluminium 
incorporated into ZnO increases when more Al(NO3)3 is present. This aluminium can 
subtly alter the band structure of ZnO, as discussed in section 2.4. Therefore the width 
and position of the band gap, corresponding with a region of 0 % transmission, will shift 
according to the quantity of aluminium contained within ZnO.  
 
 
Fig 4.4.53. UV-Vis spectra of platelets and nanorods on ITO.  
Deposited using 5 mM Zn(NO3)2 with variable % Al(NO3)3 in solution, as indicated in the key. 
 
 A similar UV-Vis spectra comparison is shown in figure 4.4.53 for platelets and 
nanorods deposited on ITO using 5 mM Zn(NO3)2. The general pattern for each sample 
corresponds with that of single crystal ZnO, as for rods on ITO. There is a shift observed 
in transmission intensity and gradient owing to the morphology and aluminium content.  
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Fig 4.4.54. The influence of % Al incorporated into the deposit on ZnO Optical Band Gap, Eg. 
Eg is calculated from the UV-Vis spectra. Quoted values are an average of Eg obtained from separate analysis of 
three repeat runs of two equivalent sample sets.  
Y-error bars are the range of Eg values between the two averaged sample sets. 
 
The UV-Vis spectra have been used to obtain the band gap of the deposited ZnO 
using the method descried in section 3.4.1. Fig 4.4.54 shows how the band gap changes 
as % aluminium content in the deposit, morphology and substrate are changed. The 
band gap of a ZnO single crystal, also obtained using the same UV-Vis set-up, is 
included for reference. 
 
A general pattern has emerged which is consistent between all four systems. The 
incorporation of aluminium in ZnO initially causes a rapid but relatively small increase in 
the band gap size. This corresponds with literature findings discussed in section 2.7.1. 
These findings also correspond with structural and material analysis performed using 
XRD, GIXS, EDX and ICP-MS measurements: A change in the band gap size 
corresponds with a change in the electronic band structure of ZnO. Since this change is 
a result of the incorporation of aluminium into ZnO, this shows that ZnO is doped by 
aluminium. Doping occurs by interstitial and/or substitutional incorporation of Al3+ into the 
ZnO lattice as confirmed by contrasting results from XRD, GIXS and ICP-MS.  
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However, above ~ 5 % aluminium content, the band gap gradually begins to 
decrease back towards its original value. This indicates that the degree of aluminium 
doping is decreasing. Since ICP has shown however that the quantity of aluminium in 
the deposit continues to increase, this means that above 5 % aluminium content, 
aluminium must begin to preferentially form its own metal oxide crystallites, Al2O3, rather 
than undergo substitutional or interstitial doping in the ZnO lattice. This band gap 
decrease is observed for 5 mM Zn(NO3)3 systems (platelets on rods), where a larger 
quantity of aluminium is naturally incorporated, and XRD and GIXS has confirmed the 
presence of Al2O3. Given that the band gap decrease is gradual, it indicates a gradual 
transformation between the two aluminium incorporation mechanisms, from ZnO doping 
to Al2O3 metal oxide crystallite formation. This shows that there is a critical aluminium 
content quantity of ~5 %, after which the properties begin returning towards those of 
undoped ZnO. This corresponds closely with literature findings, discussed in section 
2.7.1, where the properties of aluminium-doped ZnO have been shown to change after 
0.8 - 4 at. % aluminium [31, 32, 33, 35, 51]. This transformation critical point has been 
attributed to an Al3+ solubility limit, after which a decrease in the ZnO band gap is 
believed to be due to excessive doping (interstitial and/or substitutional) and/or the 
formation of Al2O3, usually in ZnO grain boundaries. This was discussed in section 2.7.1. 
In all cases, the influence that % aluminium has on the ZnO band gap is small. This can 
be expected since aluminium is known to subtly modify the band structure.  
 
In the case of the 1 mM Zn(NO3)2 system with ITO, the band gap is initially 
smaller than the ZnO reference, and in the case of the 5 mM Zn(NO3)2 system with ITO, 
the band gap initially increases from the reference value. As discussed in section 2.7.1, 
generally higher band gaps are associated with higher strain and or impurities. Since at 
0 % aluminium, the 1 mM Zn(NO3)2 system begins at a low band gap value, it implies 
that there could be lower or different strain effects than in the 5 mM Zn(NO3)2 system 
and single crystal ZnO. 
 
All rod and platelet deposits on Au exhibit band gap values significantly lower 
than the reference, and those expected for pure ZnO (3.2-3.6 eV), discussed in section 
2.7.1. This is most likely due to instrumental errors since the UV-Vis spectra for deposits 
on Au must be measured in reflectance mode, owing to an opaque substrate, and 
instrument calibration is questionable and accuracy unknown in this mode. The pattern 
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indicated from the data may however still be viable since it follows that of ZnO on ITO 
measured in transmission mode.  
 
 
4.4.6. Summary 
• The use of Al(NO3)3 in the ZnO deposition solution results in the incorporation of Al3+ 
into the ZnO deposits. The quantity in the deposit linearly increases with the 
concentration in solution.  
• In the 1 mM Zn(NO3)2 systems (nanorods), all aluminium is incorporated as either 
interstitial or substitutional ions, where the percentage of aluminium in the deposit 
forms a 1:1 ratio with the percentage in solution.  
• Deposition on Au and ITO using 1 mM Zn(NO3)2 results in the formation of nanorods, 
where increasing the concentration of Al(NO3)3 causes a non-linear change in the 
average diameter, and nanorod density increases when diameter decreases. 
Increased doping gradually controls the rod diameter, causing the average diameter 
of rods on ITO and Au to eventually converge at 4 % Al(NO3)3.  
• In the case of nanorods on ITO, the deposit always forms polycrystalline wurtzite 
ZnO with no crystalline impurities, indicating aluminium dopes ZnO substitutionally 
and/or interstitially. Doping results in increased disorder in the deposit crystallinity, 
where upon incorporation, ZnO (002) preferential orientation reduces owing to an 
increase in the quantity of poly-crystallites. However, the dopant has no influence on 
the ZnO lattice structure, demonstrating no change in crystallite dimensions and 
inter-planar d-spacing. A marginally higher degree of doping and larger crystallite 
disorder is found in nanorods on ITO than Au (for equivalent [Al(NO3)3]), and is 
associated with further nanorod twinning.  
• In the case of nanorods on Au, the same effect of doping on crystallinity can be 
observed as for nanorods on ITO. However, deposits always consist of strongly 
(002) orientated wurtzite ZnO. Increasing dopant levels in this system also results in 
increased quantities of impurities (ZnCl2, Zn(ClO4)2 and Zn5(OH)8Cl2.H2O), causing 
decreased (002) preferential orientation. The rate of nanorod deposition on Au 
increases by ~ 1.5 times per % Al(NO3)3 owing to a higher rate of OH- formation from 
excess NO3- and hence a higher pH. This causes faster deposition of smaller 
crystallites. Crystallites were also shown to grow continuously during deposition, 
where crystallites are larger at the bottom of the rods.  
 256 
• Deposition on ITO using 5 mM Zn(NO3)2 also initially results in the formation of 
wurtzite ZnO nanorods. However, the addition of Al(NO3)3 causes platelets to grow 
over the rods. These platelets become smaller and denser as the % aluminium 
increases, as with nanorods. Platelet formation is associated with a sudden increase 
in ZnO crystalline disorder, where polycrystallinity increases and ZnO (002) is no 
longer the preferred orientation. The formation of platelets and crystalline disorder is 
also associated with the presence of impurities (ZnCl2, Zn(ClO4)2, Zn5(OH)8Cl2.H2O 
and Al2O3) with incongruent Bravais lattices and a disproportionately high Al3+ dopant 
quantity. Increasing [Al(NO3)3] increases the degree of crystalline disorder and 
causes the crystallites to decrease in size and increase inter-planar spacing. It is 
believed that there must be a critical concentration of impurities, after which disorder 
makes a morphological change favourable. 
• Deposition on Au using 5 mM Zn(NO3)2 results in the formation of platelets over 
uncoalesced nanorods. These platelets decrease in size and increase in quantity as 
[Al(NO3)3] increases. Above 2 % Al(NO3)3 they also become rounder and begin 
stacking. This is believed to be due to changes in surface energy owing to the 
presence of large quantities of Al3+ dopant, surface adsorbed impurities and 
crystalline impurities (ZnCl2, Zn(ClO4)2, Zn5(OH)8Cl2.H2O, Al2O3 and Au3Zn). The 
formation of Al2O3 is believed to be related to the concentration of Al(NO3)3 in 
solution, and not the percentage. The presence of rods under the platelets results in 
strong wurtzite ZnO (002) orientation with a small degree of polycrystallinity 
regardless of dopant quantity. However, doping also gradually increases the quantity 
of impurities, reducing the (002) orientation and limiting the growth of ZnO crystallites 
without influencing the ZnO inter-planar d-spacing and strain. ZnO crystallites grow 
rapidly after deposit nucleation, before equilibrating sooner than crystallites in 
nanorods owing to a faster rate of deposition. The crystallites are believed to be 
larger near the bottom of the deposits.  
• In the 5 mM Zn(NO3)2 systems (platelets on rods), Al3+ is believed to be incorporated 
interstitally and/or substitutionally into the ZnO nanorods, and additionally as Al2O3 in 
the platelets. When deposits form platelets on nanorods (5 mM Zn(NO3)2 systems), 
the quantity of aluminium in deposits is disproportionately large, where the more 
Al(NO3)3 in solution, the faster the relative rate of aluminium uptake. This is unrelated 
to subtle morphological changes and has been attributed to an increased [Al3+], pH 
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and a change in surface energies owing to the presence of aluminium dopant and 
impurities.  
• The quantity of aluminium in deposits on ITO is always higher than on Au. This has 
been attributed to the rate of ZnO deposition, where a slower rate of deposition (on 
ITO) for equivalent % Al(NO3)3 results in a relatively faster rate of aluminium uptake. 
This was reiterated when line mapping in a deposit on Au found that the quantity of 
aluminium increased further from the Au-ZnO interface, in accordance with a gradual 
decrease in the rate of deposition owing to gradually increasing Zn2+ diffusion 
limitation.  
• Electrochemical reaction and deposition rates can increase if Al(NO3)3 is used, 
however this has been attributed to the reduction of additional NO3-, causing a larger 
[OH-] and hence pH. Al3+ in solution has itself been associated with a decrease in the 
rate of reactions but also a reduction in the kinetic barrier. In higher concentration 5 
mM systems, it is also possible for the rate of reaction and deposition to be slowed 
by excess Cl- (from AlCl3), adsorbing onto the ZnO (002) surface or precipitating as 
impurities. 
• Aluminium doping results in a subtle modification of the ZnO band gap. Below 5 % 
aluminium, Al3+ is incorporated as an interstitial or substitutional dopant, increasing 
the band gap. Above 5 % aluminium, a solubility limit is believed to be reached owing 
to excessive doping, which results in a transformation in the Al3+ incorporation 
mechanism from Al3+ interstitial and/or substitutional ions, to the formation of Al2O3. 
This causes the band gap to begin decreasing towards that for undoped ZnO.  
• Au3Zn alloy has been reported for the first time. It forms a 10 nm thin layer between 
the Au substrate and ZnO deposit. This layer is believed to grow throughout ZnO 
deposition due to the nucleation and growth of ZnO deposits at the ZnO-Au interface, 
and Zn2+ diffusion from the solution and/or deposit into the Au layer. Continued 
growth results in increased quantity and polycrystallinity with no measurable change 
in crystallite size or d-spacing.  
 
 258 
4.5. Developing a functional PV device  
 This thesis has so far attempted to understand the deposition, growth, structure, 
composition and electronic properties of zinc oxide and aluminium doped zinc oxide 
nanostructures. This section will investigate the potential of using the studied 
nanostructures in functional Photovoltaic devices. Suitable device materials and 
configuration will first be sought, whilst using the examined undoped ZnO nanostructures 
on ITO in the devices. This will be done by recording current-voltage curves to quantify 
device performance. The suitable configuration will then be used with aluminium doped 
ZnO nanostructures and the device performance examined and compared once again to 
understand the impact of aluminium doping.  
 
 
4.5.1. Finding a suitable device configuration 
 When a PV device is constructed, one of the electrodes must be transparent so 
as to allow light to enter the device. For this purpose, ITO has been used. Therefore only 
two of the four studied systems have been tested in PV devices; A. Nanorods on ITO 
and B. Coalesced rods on ITO.  
 
 
Fig 4.5.1. General construction of the most advanced configuration of devices investigated.  
 
An optimised device configuration must be established before the influence of 
aluminium doping can be examined. This will be determined by testing devices with 
variable combinations of functional layers and types of materials. Figure 4.5.1 illustrates 
a general construction of the most advanced configuration of the devices tested. This 
solid-state hybrid device contains a light absorbing organic polymer layer sandwiched 
between two electrodes. Extra layers have been added to enhance performance; a 
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sensitising solid-state dye, nanostructured ZnO electron extractors, and an electron 
blocking hole extractor layer.  
 
The organic polymer will absorb light and generate excitons. If a blend of 
polymers is used, the exction will be split at the blend interface. The solid-state dye will 
act as an additional light absorbing layer for different wavelengths of light, generating 
excitons and conducting electrons from the polymer to the nanostructured ZnO layer. 
The ZnO nanostructures will extract and conduct electrons rapidly towards the ITO 
electrode to reduce the probability of recombination. An electron blocking, hole 
conductor layer will enhance performance by stopping electrons generated in the 
polymer from being in contact with the metal electrode and forcing the electrons to flow 
only towards the ITO electrode whilst conducting holes towards the metal electrode. 
 
Substrate 
ZnO 
nanostructure 
Dye 
Hole 
conductor 
Electron 
blocker 
Metal 
contact 
Configuration 
number 
ITO - - - - Al 1 
ITO Nanorods - - - Al 2A 
ITO Coalesced rods - - - Al 2B 
ITO Nanorods N3+N719 - - Al 3A 
ITO Coalesced rods N3+N719 - - Al 3B 
ITO Nanorods N3+N719 CuPc - Al 4A 
ITO Coalesced rods N3+N719 CuPc - Al 4B 
ITO Nanorods N3+N719 - WO3 Al 5A 
ITO Coalesced rods N3+N719 - WO3 Al 5B 
ITO Nanorods N3+N719 P3HT WO3 Al 6A 
ITO Coalesced rods N3+N719 P3HT WO3 Al 6B 
ITO Nanorods - P3HT:PCBM WO3 Al 7A 
ITO Coalesced rods - P3HT:PCBM WO3 Al 7B 
ITO - - P3HT:PCBM WO3 Al 8 
 
Table 4.5.1. Materials tested in the device configuration. 
 
 Combinations of functional layers and materials tested are shown in table 4.5.1. 
Each column in the table corresponds with a different functional layer in the device, 
shown in fig 4.5.1. A configuration number has been assigned to each combination. This 
configuration number will be referred to in subsequent results data.  
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In these devices, ZnO was deposited using electrochemical deposition. Dyes N3 
and N719 were deposited by dipping the sample vertically in a solution containing 0.5 
mM N3 and 0.5 mM N719 in ethanol for 2 minutes before air drying. CuPc was deposited 
as a 2 nm thick layer at 0.2 Ås-1 using OMBD, with assistance from Mr S. Din at the 
department of Materials, Imperial College London. P3HT and PCBM were deposited by 
spin coating 20 mgml-1 of each compound in 1,2-dichlorobenzene at 600 rpm. WO3 was 
deposited as a 10 nm thick layer by OMBD at 1 Ås-1. Al was deposited as a 100 nm thick 
layer by OMBD also at 1 Ås-1. P3HT, PCBM, WO3 (and Al when in the same device) 
have been deposited, and those completed devices tested in a solar simulator on my 
behalf by Prof. T. Jones’ group at the department of Chemistry, Warwick University. 
 
 
Fig 4.5.2. Average Current-Voltage (JV) curves generated under AM 1.5 illumination (1 sun): 
Influence of device configuration when nanorods on ITO are used.  
Devices containing P3HT, PCBM and WO3 were tested on my behalf using a solar simulator by Prof. T. Jones’ 
group at the department of Chemistry, Warwick University. 
 
 The influence of each functional layer and material used has been examined by 
observing device performance in each configuration. Fig 4.5.2 shows current density-
voltage (JV) curves when devices constructed with ZnO nanorods on ITO are illuminated 
in a solar simulator. Upon inspection, configurations 1, 2A and 3A have short circuited, 
whereas configurations 5A, 6A, 7A and 8 have not short circuited. One would expect 
configuration 1 to short circuit since the two electrodes are directly in contact with no 
other materials between. The addition of ZnO nanorods and then a solid-state dye, in 
configurations 2A and 3A respectively, should improve device performance by 
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preventing short-circuiting. Given that configuration 2A also short circuits, one can 
assume that the aluminium electrode is penetrating between the ZnO rods and making 
direct contact with the ITO electrode. Photo-active materials must therefore coat the 
surface of the ZnO deposits and ITO surface to prevent this contact and generate power. 
The addition of dye combination N3+N719 should achieve this. Given that this 
configuration (3A) also short-circuits, this implies that the layer is either too thin or is not 
uniformly coating the surface. Fig 4.5.2 shows that the addition of ZnO nanorods and 
then dye results in a gradually decreased gradient owing to increased internal resistance 
(Ohms law). This implies that the surface has been homogeneously coated with the dye, 
but the layer is not thick enough to prevent short-circuiting. In configuration 5A, a 10 nm 
thin WO3 electron blocking layer (hole extractor) has been added. In this configuration 
the dye should absorb light and generate excitons, then ZnO nanorods will act as direct 
path electron extractors, and WO3 will act as an electron blocker and hole extractor. 
Therefore, this configuration should prevent short-circuiting and force the flow of 
electrons in one direction only, resulting in diode behaviour and improved device 
performance. Fig 4.5.2 shows that this device does not short-circuit, however it does not 
generate any power. This means that the WO3 layer has succeeded in preventing short 
circuiting and in blocking electrons, forcing them to flow only towards the ITO electrode, 
whilst conducting holes towards the aluminium electrode. However, there is no 
significant current and hence power generated. There are two possible reasons for this: 
1. The solution processing method results in the deposition of an extremely thin layer, 
limiting light harvesting. 2. The deposited layer consists of disordered dye molecules, 
limiting exciton diffusion within the dye or charge transfer across the interface. 
 
Clearly, another functional layer is required to absorb more light and generate 
and transport more electrons and holes. P3HT, an electron donating (hole conducting) 
material, was added in configuration 6A. The addition of this layer results in a functional 
PV device, which behaves as a diode but has poor power conversion efficiency. To 
further improve the device performance, the material used as an organic light absorber 
was switched to a blend of P3HT:PCBM in configuration 7A. Fig 4.5.2 shows that this 
device functions well. It behaves as a diode and generates power. Configuration 8 
removes the ZnO nanorod array to illustrate its influence on device performance as a 
direct path electron extractor. One can see that without ZnO nanorods, the device 
functions with significantly reduced performance. This highlights the positive influence 
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that semiconductor nanostructures can have in devices. The performance of these 
devices is summarised and discussed later, in table 4.5.2. 
 
 
Fig 4.5.3. Average Current-Voltage (JV) curves generated under AM 1.5 illumination (1 sun):  
Influence of device configuration when platelets on ITO are used. 
Devices containing P3HT, PCBM and WO3 were tested on my behalf using a solar simulator by Prof. T. Jones’ 
group at the department of Chemistry, Warwick University. 
 
 A similar comparison has been made for devices using coalesced ZnO nanorods 
on ITO. Figure 4.5.3 illustrates the JV curves of devices tested. As for nanorods on ITO, 
configurations 1, 2B, 3B and 4B short-circuit. There is little change in resistance between 
the electrodes when a layer of coalesced ZnO rods are added. This indicates a direct 
current leak, illustrating that the rods are not entirely or uniformly coalesced. As for 
nanorods on ITO, the addition of a solid-state dye coating in configuration 3B does not 
prevent short-circuiting but increases the device resistance. The addition of light 
absorbing and electron donating CuPc, in configuration 4B, increases the device 
resistance further but does not prevent short circuiting. This indicates that the layers are 
not thick enough.  
 
The use of a WO3 electron blocking layer in configuration 5B appears to prevent 
short circuiting. The shape of the line indicates diode behaviour, illustrating that it blocks 
electrons and forces them to flow in one direction only, towards ITO. However, negligible 
power appears to be generated indicating that the dye layer is too thin to absorb enough 
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light and generate significant quantities of excitons. Therefore the addition of further 
layers of light absorbing polymers is necessary to generate more excitons, as for the 
case with ZnO rods on ITO. As for devices with ZnO rods, configurations 6B and 7B 
function well as diodes, generate power, and do not short circuit. The use of a 
P3HT:PCBM blend in configuration 7B results in better performance than the use of dye 
and P3HT in configuration 6B. In comparison to configuration 8, 7B illustrates that 
coalesced ZnO nanorods act effectively as electron extractors, hence improving device 
performance. The performance parameters of these devices are summarised and 
discussed with table 4.5.2. 
 
 Figures 4.5.2 and 4.5.3 show current density-voltage graphs under AM 1.5 
illumination. In dark conditions, the same patterns can be observed (not shown); 
however the currents measured are lower. This indicates that the materials used absorb 
light and contribute towards the quantity of current flowing through the device. In the 
case of Ohmic systems (short circuiting systems), this results in a decrease in device 
resistance. In the case of diode systems (non-short-circuiting), this results in the 
generation of power. 
 
Configuration # JSC/ mAcm-2 VOC/ V FF/ no units Pmax/ mWcm-2 η/ % 
1 7.74E-02 5.40E-05 0.00 1.61E-18 1.61E-18 
2A 2.64E-02 5.90E-05 0.00 5.49E-19 5.49E-19 
2B 2.08E-02 4.10E-05 0.00 4.32E-19 4.32E-19 
3A 1.45E-02 7.00E-05 0.00 3.02E-19 3.02E-19 
3B 0.14E-02 1.23E-04 0.00 2.83E-20 2.83E-20 
4A - - - - - 
4B 0.27E-02 9.90E-05 0.00 5.72E-20 5.72E-20 
5A 2.72E-02 1.61E-03 0.00 5.66E-19 5.87E-19 
5B 2.92E-02 1.17E-03 0.00 6.09E-19 6.31E-19 
6A 0.22 9.54E-02 1.00 4.27E-03 4.43E-03 
6B 6.79E-02 2.25E-01 0.34 4.13E-03 4.28E-03 
7A 8.55 4.63E-01 0.37 1.18 1.20 
7B 4.02 3.94E-01 0.34 0.53 0.55 
8 3.95 1.62E-01 0.25 0.11 0.11 
 
Table 4.5.2. Device performance (best results): Influence of device configuration. 
JSC= Short-circuit current. VOC= Open-circuit voltage. FF = Fill Factor. Pmax = Maximum power output. η = Device 
conversion efficiency. 
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 Table 4.5.2 summaries the performance of devices in different configurations. 
Configurations 1-4 short-circuited and exhibit negligible device conversion efficiency, 
power output and general poor performance. Configurations 5-8 did not short circuit and 
behaved as diodes. However, configuration 5 did not generate any power, therefore the 
fill-factor is 0 and device efficiency negligible. Configurations 6-8 functioned well as 
diodes and generated power. Table 4.5.2 shows a significant increase in performance 
compared to devices 1-5. Comparison between configurations 7 and 8 shows that the 
use of nanorods, in 7A, increases device efficiency by 10.8 times to 1.20 % and use of 
coalesced nanorods, in 7B, increases device efficiency by 5 times to 0.55 %. A device 
conversion efficiency of 1.20 % is larger than efficiencies so far reported for similar 
construction thin film devices [76] and is similar to or better than efficiencies reported for 
similar construction nanostructured devices [181] [40]. This highlights the advantages of 
ZnO nanorod arrays in devices and the use of electrochemical deposition as a method to 
generate good quality semiconductor nanostructures, with the potential for easy, cheap 
and quick industrial application.  
 
Improved device performance is a result of an increase in all performance 
factors. Current density could increase owing to ZnO nanorods increasing the rate of 
electron extraction, hence reducing the probability of exciton recombination. It could also 
be because organic polymer blend P3HT:PCBM harvests more light, generating more 
excitons and charge. Open-circuit voltage could increase as a result of materials used in 
the device. Power output and power conversion efficiency are related to JSC and VOC, 
and hence will improve in line with them. Since functional PV devices consistently 
perform better with ZnO nanorods than coalesced nanorods, device performance could 
also be dependent on ZnO-polymer interfacial surface area. Configuration 7A will 
therefore be used as the optimised configuration to investigate the influence of 
aluminium doping. 
 
 
4.5.2. The influence of aluminium on device performance 
Section 4.5.1 has established that of the devices tested, configuration 7A 
represents a performance optimised device construction. Figure 4.5.4 illustrates this 
device construction. The ZnO nanorods contained within this device will be 
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electrochemically doped with different quantities of aluminium to understand the 
influence of doping on device performance. 
 
 
Fig 4.5.4. The optimised device configuration (7A): 
Used for testing the influence of aluminium doping on device performance. 
 
 
Fig 4.5.5. Average Current-Voltage (JV) curves generated in dark conditions and under AM 1.5 illumination (1 
sun): Influence of aluminium doping in ZnO nanorods on device 7A performance. 
Average IV curve data obtained by recording 6 repeats of the current density-voltage curves in each device and 
calculating the average current density recorded at each voltage. 
 
 To test the performance of devices, current density-voltage (JV) curves have 
been measured in dark conditions and under AM 1.5 illumination. In each device, the 
ZnO nanorods have been doped using 0-2 % Al(NO3)3 in solution, equating to 0.19-2.52 
% ± 0.19 % aluminium in the deposit. The results are shown in figure 4.5.5. In each case 
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the devices are functional and behave as diodes. In dark conditions, current flows 
through the system but no power is generated. Under AM 1.5 illumination, the current 
density significantly increases and the device generates power. This indicates that the 
photo-active materials, P3HT:PCBM, absorb a large amount of light, generate excitons, 
and split the excitons at the interface effectively. Aluminium doping does not affect the 
ability of the device to behave as a diode and generate power under illumination, 
however, there is a change in device performance depending on the degree of 
aluminium doping. These results are illustrated in figure 4.5.6. 
 
  
 
Fig 4.5.6. The influence of aluminium on device 7A performance.  
a): Open-circuit Voltage, VOC / V. b): Short-circuit Current density, JSC / mAcm-2. 
c): Fill-Factor, FF / no units. d): Max power output, Pmax / mWcm-2. 
Average data obtained by extracting device performance parameters from each of the 6 repeats in each device, 
then calculating the average parameters for each device. This method provides more accurate results than 
calculating the average IV curve for each device, then extracting parameters.  
X-error bars were calculated from the ICP-MS data, showing uncertainty in the % aluminium content owing to the 
dissolution o aluminium into the testing solution from the sample substrate.  
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 These observations provide the first study into the influence of variable 
aluminium doping quantities on device performance. Fig 4.5.6 a) shows that increasing 
the quantity of aluminium has little or no influence on open circuit voltage, VOC. It is 
known that VOC is determined by the electric field across interfaces [157] [158], hence 
the choice of material. It is also known that subtle morphological changes in rod 
dimensions do not significantly influence VOC [40]. Since device construction is constant 
and morphological changes are subtle, one can conclude that aluminium doping does 
not influence open-circuit voltage, VOC.  
 
Fig 4.5.6 b) shows that the addition of aluminium to the deposit causes a small 
decrease in short-circuit current. One would expect that aluminium doping would 
increase the short-circuit current since it increases the conductance of ZnO [33] [80], 
hence extracting electrons faster and reducing the probability of recombination. 
However, upon aluminium doping, changes in morphology and ZnO crystal order occur: 
Figs 4.4.13 and 4.4.15 show that the average rod diameter decreases, and the rod 
density and orientation change. Fig 4.4.23 shows that aluminium doping results in 
gradually reduced ZnO crystal order and increased polycrystallinity. However, no 
crystalline impurities are present in the examined doped rods. In section 4.5.1, it was 
determined that changes in morphology-dependent ZnO-polymer interfacial surface area 
causes changes in the short-circuit current density. Therefore, as doping quantity 
increases, it is reasonable to attribute the reduction observed in short-circuit current 
density to reduced ZnO crystalline order leading to reduced conduction, and/or 
morphological change which alters the ZnO-polymer interfacial surface area. This is in 
contrast to findings by Takanezawa et al., showing that ISC does not change as rod 
dimensions change [40]
.
 However, in their paper, no reference was made to ZnO 
crystallinity. Given that in their study each rod was made in the same way using different 
time periods, one can assume that ZnO polycrystallinity is similar in each rod. This 
highlights the impact that ZnO texture can have on device performance. 
 
 Fig 4.5.6 c) shows that the Fill-Factor undergoes negligible change as a function 
of aluminium content. This indicates that the changes induced in theoretical maximum 
power output and real maximum power output are relatively the same. Maximum power 
output is determined by the maximum current and voltage, as described in equation 
3.4.7. Since ISC decreases with aluminium dopant quantity, the theoretical maximum 
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power output will also decrease. In order for the Fill-Factor to remain unchanged, the 
maximum power output must also decrease, as shown in fig 4.5.6 d).  
 
 
Fig 4.5.7. Device conversion efficiency, η / %: The influence of aluminium doping on device 7A performance.  
X-error bars were calculated from the ICP-MS data, showing uncertainty in the % aluminium content owing to the 
dissolution o aluminium into the testing solution from the sample substrate. Y-error bars were calculated from 
the range of values obtained during the 6 repeats of each sample. 
 
 Due to the dependence of device conversion efficiency on maximum power 
output and hence maximum current and voltage, as shown in equation 3.4.8, figure 4.5.7 
shows a gradual decrease in power conversion efficiency as aluminium dopant content 
increases, although this change is within the range of error. The decrease in power 
conversion efficiency could be a result of decreased ZnO orientation and increased 
texture as dopant quantities increase. This was illustrated in figure 4.4.23. This could 
cause increased electron scattering and hence reduced electron conduction through the 
nanorods. This is the opposite of what had hoped to be achieved, however, 
understanding the reasons for this change will provide useful ideas for future 
improvements to the system. 
 
 
4.5.3. Summary 
• Photovoltaic devices exhibiting diode behaviour, power generation and good 
performance have been successfully constructed on transparent ITO electrodes 
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using the following performance optimised device configuration: 
ITO|ZnO|P3HT:PCBM|WO3|Al. 
• ZnO nanostructures improve electron extraction rates from the polymer blend 
and decrease recombination probability. This increases the short-circuit current 
density and hence maximum power output. Therefore device conversion 
efficiency increases by 5 times for coalesced nanorods to 0.55 % and 10.8 times 
to 1.20 % for non-coalesced nanorods. Non-coalesced rods are believed to 
enhance results over coalesced nanorods owing to their larger ZnO-polymer 
interfacial surface area. 
• PV device performance is better than similar construction thin film devices and 
similar to or better than similar construction nanostructured devices. 
• Investigation into the influence of variable aluminium dopant quantity on device 
performance is the first of its kind. 
• All devices with aluminium doped ZnO exhibit diode behaviour and generate 
power. 
• ZnO aluminium doping affects certain aspects of device performance: Open-
circuit voltage is unchanged owing to its dependence on interfacial electric fields 
between (unchanged) materials and is independent of subtle morphological 
changes. Fill-Factor also undergoes negligible change. However, short-circuit 
current and maximum current density decreases, resulting in decreased 
maximum power output, hence reduced power conversion efficiency. 
• Increased aluminium dopant levels gradually reduce device performance owing 
to its impact on ZnO nanorod structure, where texture increases and subtle 
morphological changes are believed to result in decreased overall nanorod 
electron conductance. 
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5.0. Conclusions 
 
This thesis has examined a broad range of aspects involving the 
electrodeposition of ZnO, where some of the experiments, analysis and observations are 
reported for the first time. Conclusions will now be drawn from this research to link all the 
discussed ideas together. 
 
• Electrochemical deposition of ZnO can in principle occur between -1200 < E < -
200 mV vs. Ag/AgCl using 1-50 mM Zn(NO3)2 with 0.1 M KCl in O2 saturated de-
ionised water at 65 oC. Deposition on Au is detected from -300 mV, but is not 
detected on ITO until -500 mV owing to a higher energy of formation of critical 
nuclei. This results in a higher density of nucleation sites on Au than ITO at 
equivalent applied potential and Zn(NO3)2 concentration.  
• Increasing the overpotential activates more reactions and accelerates reduction 
rates, therefore increasing current density and total charge transferred. This also 
causes a higher local pH, and deposition occurs faster. Therefore, increasing 
overpotential results in a higher density of nucleation sites, decreased ZnO 
nucleation time and hence more uniform nanorod dimensions.  
• In a 1 mM Zn(NO3)2 system with both ITO and Au substrates, nanorods form. 
The deposition is slow owing to a low concentration of Zn2+ and NO3- which 
results in a relatively low diffusion rate. Nanorods grow vertically along the c-axis 
in stages by preferential growth on the energetically favourable ZnO (002) face. 
Arrays of 3D islands and rods polynucleate on the ZnO (002) face, grow and 
quickly coalesce. This results in the deposits being polycrystalline, where it is 
believed that there are larger crystallites at the bottom, becoming smaller towards 
the top. Increasing the concentration of Al(NO3) causes a non-linear change in 
the average diameter, and nanorod density increases where diameter decreases. 
Increased doping gradually controls the rod diameter, causing the average 
diameter of rods on ITO and Au to eventually converge at 4 % Al(NO3)3. Al3+ 
doping in nanorods on ITO also results in more nanorod-twinning.  
• ZnO nanorods have a 1:1 Zn:O ratio at all of the examined potentials. Very low 
levels of ZnCl2 and Zn(ClO4)2 impurities are detected in nanorods on Au after 60 
minutes of deposition. The addition of Al(NO3)3 to the ZnO deposition solution 
results in successful doping, where Al3+ is incorporated into the ZnO deposits in 
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approximately a 1:1 ratio between the percentage in solution and the percentage 
in the deposit. Once incorporated, Al3+ exists as either interstitial or substitutional 
ions, and results in reduced ZnO (002) preferential orientation owing to an 
increase in the quantity of poly-crystallites.  
• In a 5 mM Zn(NO3)2 system, the deposition is faster owing to a higher 
concentration of Zn2+ and NO3-, resulting in a higher ZnO nanorod density. On 
Au, the higher density also leads to nanorod coalescence, then platelet growth 
additionally begins after 20 minutes. The addition of Al(NO3)3 to this system also 
results in platelet growth over uncoalesced nanorods on both ITO and Au within 
the first 4 minutes. At 50 mM Zn(NO3)3 the morphology produced is platelets.  
• In the deposition systems resulting in platelet growth, pH in the diffusion layer is 
believed to increase relative to that for nanorod growth owing to a larger 
concentration of OH- ions being generated. The pH change effects super-
saturation, therefore impurities can also precipitate. Internal ZnO strain, believed 
to result from epitaxial strain (in particular on Au, where epitaxial strain is ~ 21 %) 
could change the surface energy of ZnO. Therefore, precipitated impurities can 
grow spontaneously (favourably) on ZnO, rather than impurities being the cause 
of the strain. A change in the growth mechanism from nanorods to platelets is 
believed to happen if the quantities of the following impurities goes above a 
critical concentration: ZnCl2, Zn(ClO4)2 Zn5(OH)8Cl2.H2O, and also Au3Zn when 
on Au. Platelets are also associated with Al2O3 in addition to interstitial or 
substitutional Al3+ ions when doped. These impurities lead to a sudden decrease 
in ZnO (002) preferred orientation and increased polycrystallinity. This structural 
disorder is attributed to incongruent Bravais lattices and disproportionately high 
Al3+ dopant quantities. Morphology changes from rods to platelets owing to a 
change in the nanorod growth mechanism, where growth normal to the 
energetically favourable (002) face becomes inhibited by the adsorption of Cl- 
ions and impurity formation. This could additionally change the surface energy. 
Therefore lateral growth is preferred, resulting in platelets. It is believed that 
nanorods are composed of ZnO with no or very little impurities, and platelets are 
composed of ZnO containing most or all of the impurities.  
• ZnO deposits have a crystalline wurtzite structure, where ZnO (002) is aligned 
parallel to the substrate surface crystal on which it grows. ZnO nanorods are 
strongly (002) orientated owing to their c-axis growth direction. However, actual 
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growth direction is determined by the substrate crystal orientation; poor relative 
nanorod orientation on ITO is linked to substrate surface texture, not roughness. 
Contrasting ITO and Au substrate textures results in lower ZnO (002) intensity 
and higher polycrystallinity in every sample on ITO than on Au. The (002) peak 
intensity is stronger at 5 mM owing to an increased rod density. Larger 
overpotentials increase the favourability of (002) orientation but also increase 
poly-crystallinity. 
• Doping is associated with limited ZnO crystallite growth but does not influence 
the ZnO inter-planar d-spacing and strain during growth. However, in platelets on 
ITO, the degree of doping in this system can be so large that it is believed to be 
the cause of crystallites decreasing in size and quantity, and increasing inter-
planar spacing.  
• A larger [Al(NO3)3] in solution or a relatively slower rate of deposition with 
equivalent [Al(NO3)3] results in a faster relative rate of aluminium uptake. This is 
unrelated to subtle morphological changes and has been attributed to [Al3+], pH 
and a possible change in surface energies. This causes the quantity of aluminium 
in deposits on ITO to always be higher than in deposits on Au, and the quantity of 
aluminium in the deposit to increase during deposition (further from the Au-ZnO 
interface), since the rate of deposition in all systems gradually slows owing to 
Zn2+ consumption and hence increasing diffusion limitation. 
• Electrochemical reaction and deposition rates can also increase if [Al(NO3)3] 
increases, however this has been attributed to the reduction of additional NO3-, 
causing a larger [OH-] and hence pH. Al3+ in solution has itself been associated 
with a decrease in the rate of reactions, with no obvious influence on the rate of 
deposition, but a reduction in the kinetic barrier. In 5 mM Zn(NO3)2 systems, it is 
also possible that the rate of reaction and deposition can be slowed by excess Cl- 
(from AlCl3), adsorbing onto the ZnO (002) surface or precipitating as impurities.  
• Faradaic efficiency changes between systems and during deposition, therefore 
the total charge transferred and quantity of ZnO deposited during growth do not 
closely correspond.  
• The mechanism of doping subtly affects the ZnO optical band gap, and a critical 
dopant content has been found in ZnO, after which the mechanism of doping 
changes. Below 5 % aluminium content, Al3+ is incorporated as an interstitial or 
substitutional dopant in the ZnO lattice, increasing the band gap. This is believed 
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to occur in nanorods. Above 5 % aluminium content, an Al3+ solubility limit is 
believed to be reached and causes a gradual transformation in the Al3+ 
incorporation mechanism from Al3+ interstitial and/or substitutional ions, to the 
formation of Al2O3. This causes the band gap to begin decreasing towards that 
for undoped ZnO. This is also associated with the onset of platelet formation. 
• Au3Zn alloy formation during the electrochemical deposition of ZnO has been 
reported for the first time. It grows immediately and continuously during ZnO 
deposition on Au with increasing polycrystallinity and no measurable change in 
crystallite size or strain. It is believed to form a 10 nm thick layer between the Au 
substrate and ZnO deposit. Its continuous growth could be due to Zn2+ diffusion 
from the solution and/or the deposit in addition to continuous ZnO deposit growth 
across the Au surface.  
• Photovoltaic devices containing ZnO and doped ZnO nanostructures have been 
constructed on transparent ITO electrodes with the following successful device 
configuration: ITO|ZnO|P3HT:PCBM|WO3|Al. All devices with this configuration 
have exhibited diode behaviour, power generation and good performance.  
• ZnO nanostructures increase current density, voltage and power output. 
Therefore device conversion efficiency increases by 5 times for coalesced 
nanorods to 0.55 % and 10.8 times to 1.20 % for non-coalesced nanorods. Non-
coalesced rods are believed to enhance results over coalesced nanorods owing 
to their larger ZnO-polymer interfacial area. This should improve electron 
extraction rates from the polymer blend and decrease recombination probability. 
• Investigation into the influence of variable aluminium dopant quantity on device 
performance is believed to be the first of its kind. Increasing aluminium dopant 
levels gradually reduce power conversion efficiency. This is the opposite of what 
is expected to happen and is believed to be due to the impact of doping on the 
ZnO structure, where texture increases and subtle morphological changes are 
believed to be the cause of decreased overall nanorod electron conduction and 
device performance. 
• PV device performance has been shown to be better than similar construction 
thin film devices and similar to or better than similar construction nanostructured 
devices. This highlights the significance of electrochemical deposition as an 
industrial method for the mass production of high quality tailor-made 
semiconducting nanostructures. 
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6.0. Future work 
 
 Whilst this thesis has reported an in-depth and interlinked study into ZnO, some 
questions still remain and new questions and investigative routes have arisen. This 
chapter will address potential future work that could be carried out based on the 
experiments, analysis and observations found in this thesis. 
 
1. Confirmation of pH in the diffusion layer. 
A sequence of assumptions made during this work was that increasing the 
concentration of Zn(NO3)2 or Al(NO3)3 provides a higher concentration of NO3- 
ions, which undergo reduction to generate more OH- ions, leading to elevated 
diffusion layer pH. The pH increase then in turn affects the precipitation of ZnO 
and impurities, and deposition rates. Although the outcome of this sequence has 
been justified, the diffusion layer OH- ion concentration and pH has itself not 
been measured owing to technical constraints. The pH in the diffusion layer 
should be measured in-situ for a variety of systems to confirm this assumption. 
The current efficiency for NO3- reduction should also be determined to 
understand its reaction kinetics and distinguish its contribution to the formation of 
OH- ions from that of O2 and, if applicable, H2O, therefore further understanding 
the influence of [NO3-] on reaction rates and [OH-]. This efficiency should also be 
established in the case of substrate choice, since substrates have different 
resistivities, surface energies and hence could affect adsorption, in addition to 
potentially influencing the rate of NO3- reduction itself. 
 
2. Pourbaix and solubility diagrams for impurity compounds. 
Deposition parameter analysis (e.g. Pourbaix and solubility diagrams) should be 
performed for the impurities detected in this deposition process (ZnCl2, Zn(ClO4)2, 
Zn5(OH)8Cl2.H2O, Au3Zn). This could simplify deposit purification by allowing the 
correct deposition conditions to be selected and enable better control over the 
crystallinity, morphology and electrical and optical properties. 
 
3. Structural study of location of impurities. 
This thesis has hypothesised that, based on evidence, when both nanorods and 
platelets co-exist, the nanorods contain no or few impurity compounds and 
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platelets contain most or all of the impurity compounds. In addition to this being 
confirmed, it should be determined whether the impurities are only on the surface 
or integrated into the deposit itself. This could be achieved by high resolution 
transmission electron microscopy (HR-TEM). 
 
4. A full study into the influence of [AlCl3] on ZnO structure and growth. 
AlCl3 has been used to compare the influence of Al(NO3)3 dopant precursor on 
the reaction and deposition rates, given its simplicity in contrast to system 
variables. It too could potentially be used as the aluminium dopant. Studies 
should be performed into its ability to successfully dope ZnO in a controlled 
manner using the same methods described in this thesis. 
 
5. EXAFS experiments and analysis. 
EXAFS experiments were performed to determine whether aluminium dopes ZnO 
interstially, substitutionally or forms metal/alloy/oxide clusters. For this, the zinc k-
edge was used. Complementary studies at the aluminium edge should be 
performed as this will provide direct information about the structural behaviour of 
aluminium in the deposit. 
 
6. Average electrical properties of the deposit. 
Tests should be done in order to better understand the electrical properties of 
these semiconductor nanomaterials in terms of morphology and aluminium 
doping. Hall experiments can determine whether the deposit is n or p-doped, the 
electron and hole mobility and carrier concentration. 
 
7. Individual nanorod and platelet conduction measurements. 
Although aluminium doping is believed to improve ZnO conduction by several 
orders of magnitude, PV device conversion efficiency decreases as the quantity 
of aluminium dopant increases. The conduction of individual nanorods should 
also therefore be measured. This can be done using several methods, as 
described in section 2.7.1, including conductive-AFM and di-electrophoresis. 
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8. Influence of annealing on deposit crystallinity and PV device performance. 
Decrease in PV device conversion efficiency was attributed to doping resulting in 
increased crystalline disorder, such as increased polycrystallinity and decreased 
(002) preferential orientation. This could cause increased electron scattering and 
reduced overall nanorod conduction. Annealing, and its parameter determination, 
should be performed on the sample as a means to improve device performance. 
Annealing should improve crystallinity in favour of (002) orientation, decrease 
polycrystallinity and increase crystallite size in the ZnO deposits, resulting in 
better overall conduction.  
 
9. Alternative PV device construction. 
Alternative methods of PV device construction should be attempted and tested. 
This could include; 1. Depositing a thin ZnO buffer layer of optimised thickness 
on ITO before nanostructured growth, to completely prevent contact between the 
electrode and light harvesting semiconductor layers. 2. Optimising the ZnO 
electron extractor morphology. As discussed in section 4.5.1, it is possible that 
PV device performance is modified by the surface area of this layer.  
 
10. Application of ZnO and aluminium doped ZnO nanostructures in alternative 
devices. 
These nanostructures are semiconductors and can therefore be potentially used 
in many different applications, as listed in section 2.1. Device testing should be 
done as a means of creating higher efficiency and lower cost components or 
devices, and building new devices which harvest the sensitivity of nanomaterials, 
such as sensors.  
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8.0. Appendices 
Appendix A [28]:  
All possible electrochemical reactions. 
Possible electrochemical reactions occurring within the system during ZnO deposition 
are summarised in the table below. 
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Appendix B [220]:  
Infra-red (IR) spectroscopy peaks summary. 
Possible IR active peaks occurring in solid state ZnO or within the electrochemical 
deposition solution are summarised in the table below. 
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Appendix C:  
Influence of [Zn(NO3)2] and potential on morphology of ZnO on Au. 
 The influence of Zn(NO3)2 concentration and deposition potential on the 
morphology of ZnO structures deposited on Au after 20 minutes are summarised in the 
table below. Deposition on Au with 1-50 mM Zn(NO3)2, 0.1 M KCl in O2 saturated DI 
water using -300 to -1200 mV for 20 minutes vs. Ag/AgCl at 65 oC ± 2 oC. 
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Appendix D: 
Influence of [Al(NO3)3] on morphology of ZnO on ITO in a 1 mM Zn(NO3)2 
system. 
ZnO morphological structures on ITO as a function of atomic % Al(NO3)3 after 60 
minutes deposition time are summarised in the table below: Views from top and 45 o tilt. 
Deposition on ITO with 1 mM Zn(NO3)2, 0.1 M KCl in O2 saturated DI water using -900 
mV vs. Ag/AgCl at 65 oC ± 2 oC. 
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Appendix E: 
Influence of [Al(NO3)3] on morphology of ZnO on Au in a 1 mM Zn(NO3)2 
system. 
ZnO morphological structures on Au as a function of atomic % Al(NO3)3 after 60 
minutes deposition time are summarised in the table below: Views from top and 45 o tilt. 
Deposition on Au with 1 mM Zn(NO3)2, 0.1 M KCl in O2 saturated DI water using -900 
mV vs. Ag/AgCl at 65 oC ± 2 oC. 
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Appendix F: 
Influence of [Al(NO3)3] on morphology of ZnO on ITO in a 5 mM Zn(NO3)2 
system. 
ZnO morphological structures on ITO as a function of atomic % Al(NO3)3 after 60 
minutes deposition time are summarised in the table below: Views from top and 45 o tilt. 
Deposition on ITO with 5 mM Zn(NO3)2, 0.1 M KCl in O2 saturated DI water using -900 
mV vs. Ag/AgCl at 65 oC ± 2 oC. 
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Appendix G: 
Influence of [Al(NO3)3] on morphology of ZnO on Au in a 5 mM Zn(NO3)2 
system. 
ZnO morphological structures on Au as a function of atomic % Al(NO3)3 after 60 
minutes deposition time are summarised in the table below: Views from top and 45 o tilt. 
Deposition on Au with 5 mM Zn(NO3)2, 0.1 M KCl in O2 saturated DI water using -900 
mV vs. Ag/AgCl at 65 oC ± 2 oC. 
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Appendix H: 
Influence of Al(NO3)3 on the average Zn-Zn and Zn-O atomic distances in 
the four deposition systems. 
 The following four graphs show the results of the influence of Al(NO3)3 on the 
average Zn-Zn and Zn-O inter-atomic distances in each of the four examined systems. 
These results have been obtained by ex-situ EXAFS analysis using preliminary readings. 
 
    
    
Average Zn-Zn and Zn-O inter-atomic distances in ZnO: The influence of Al(NO3)3. 
Top left: ZnO rods grown on ITO using 1 mM Zn(NO3)2. Top right: Deposition on ITO using 5 mM Zn(NO3)2.  
Bottom left: Deposition on Au using 1 mM Zn(NO3)2. Bottom right: Deposition on Au using 5 mM Zn(NO3)2.  
 
  Whilst a quantitative analysis has been attempted, the results show some 
discrepancy with the results obtained from XRD analysis. This could be a result of the 
theoretical analytical method used to mathematically resolve the structure. Alternatively, 
the original quality of the data acquired was relatively noisy and could be responsible for 
distorting the results obtained by mathematical modelling. It has therefore been 
considered that the XRD data is correct and the EXAFS data could be inaccurate. 
Therefore, further EXAFS experiments will be required to fully understand the local 
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structure. The following paragraphs describe each graph and compare the results with 
those obtained by XRD analysis. 
 
ZnO deposition on ITO using 1 mM Zn(NO3)2.  
This graph shows that the addition of Al(NO3)3 to the deposition solution results in 
an increase in the Zn-O inter-atomic distance and a decrease in the Zn-Zn inter-atomic 
distance. The model used to fit the EXAFS pattern assumed that the sample was pure 
ZnO. Any perturbations to the sample inter-atomic distances can therefore be because 
of interstitial or substitutional Al3+. Table 2.5.1 shows the ionic radii of Zn2+, O2-, Al3+ and 
Cl-. The expansion observed for Zn-O distances can be attributed to interstitial Al3+ 
causing repulsion and expansion. The contraction observed for Zn-Zn distances can be 
attributed to substitutional Al3+. This implies that Al3+ is incorporated both interstitially and 
substitutionally into the ZnO lattice. The Zn-Zn contraction would imply that the average 
ZnO inter-planar spacing, as obtained by XRD, should gradually decrease. However, 
XRD data illustrated in fig 4.4.24 shows no significant change in the ZnO inter-planar 
spacing, therefore conflicting with these findings. 
 
ZnO deposition on ITO using 5 mM Zn(NO3)2.  
Given that XRD has so far shown that the deposit is polycrystalline with generally 
decreasing crystallinity above 1 % Al(NO3)3, EXAFS could provide further insight into the 
behaviour of ZnO. By measuring the ZnO inter-atomic distances, EXAFS can observe 
the average behaviour of ZnO in both crystalline and non-crystalline states. By 
increasing % Al(NO3)3 in solution, the Zn-O inter-atomic distance gradually increases 
and the Zn-Zn inter-atomic distance gradually decreases. This indicates that Al3+ is 
gradually incorporated into the ZnO lattice, substituting Zn2+ and causing a Zn-Zn 
contraction, and interstitially inserting between Zn and O, causing a Zn-O expansion. 
This is the same finding as for rods on ITO. Again, this conflicts with XRD data for ZnO 
(002) inter-planar d-spacing, shown in fig 4.4.27.  
 
ZnO deposition on Au using 1 mM Zn(NO3)2.  
One can see that up to 2 % Al(NO3)3 the Zn-O inter-atomic distance increases. 
This indicates that Al3+ inserts interstitially between Zn and O with increasing frequency. 
The Zn-Zn inter-atomic distance remains constant up to 2 % Al(NO3)3. Above 2 % 
Al(NO3)3, the Zn-O distance rapidly decreases towards its original value and the Zn-Zn 
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distance decreases. This indicates that above 2 % Al(NO3)3, there is a transformation in 
the mechanism of Al3+ incorporation from interstitial to substitutional.  Given that when 
the system switches to substitutional, the Zn-O distance gradually decreases from the 
elevated value, one can deduce that there is a cross-over period in the transformation 
rather than a sudden shift. The decrease in the Zn-Zn inter-atomic distance is ~0.43 %. 
This is within the error range for the ZnO (002) d-spacing obtained from XRD data, 
shown in fig 4.4.31, therefore these findings could correspond. 
 
ZnO deposition on Au using 5 mM Zn(NO3)2.  
Initially, the addition of Al(NO3)3 results in a reduction in both the Zn-Zn and Zn-O 
inter-atomic distances. This is most likely a result of substitutional Al3+. The following 
expansion in distances could be due to either reducing quantity of Al3+ substitutions 
and/or an increase in Al3+ interstitials. At 2 % Al(NO3)3 the mechanism appears to 
change, where Zn-Zn distances begin gradually reducing again owing to Al3+ 
substitutions, while Zn-O continues to expand. This indicates that both interstitial and 
substitutional mechanisms exist simultaneously, and there is a transformation in the 
dominance at 2 % Al(NO3)3. Below 2 % Al(NO3)3, Al3+ is incorporated predominantly 
interstitially. After 2 % Al(NO3)3, Al3+ is incorporated predominantly substitutionally. This 
corresponds with the findings for the 1 mM Zn(NO3)2 system on Au, which could also 
agree with the XRD findings shown in fig 4.4.31. The range observed in these Zn-Zn 
inter-atomic distances is ~6 %. This is a large range compared to that for ZnO (002) d-
spacing, shown in fig 4.4.38, and one which is not observed. Therefore, the inter-atomic 
distance data must be inaccurate. 
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Appendix I: 
Summary of standard crystallographic information about materials 
detected in the deposits. 
The table below summarises standard reference crystallographic information 
about the crystalline materials detected within the deposits. 
 
Material 
Bravais 
lattice 
a/ Å b/ Å c/ Å 
ICDD 
reference 
number 
ZnO Hexagonal 3.22 3.22 5.20 01-075-1526 
ZnCl2 Tetragonal 3.70 3.70 10.67 01-074-0517 
Zn(ClO4)2 Tetragonal 10.91 10.91 11.85 00-041-0120 
Zn5(OH)8Cl2.H2O Rhombohedral 6.34 6.34 23.66 00-007-0155 
Au3Zn Tetragonal 5.59 5.59 33.40 00-029-0652 
Al2O3 Orthorhombic 7.94 7.94 23.50 01-088-0107 
Au Cubic 4.08 4.08 4.08 00-004-0784 
 
